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GENERAL INTRODUCTION 
Grain amaranths (Amaranthus hybridus L. (A. hypochondrlacus), A. 
cruentus L., and A. caudatus L.) are ancient domesticated, pseudocereals 
presumed to be native to the New World. Their genetic diversity and nu­
tritional qualities have been noted by the U.S. National Academy of Sci­
ence (National Research Council, 1984). Since Downtown's (1973) discovery 
of high lysine levels in Amaranthus edulis L. (a determinant form of A. 
caudatus), there has been increasing interest and research in the crop. 
Recent deployment of grain amaranths as an animal fodder in the People's 
Republic of China (Yue Shao Xian, Dept. of Genetics, Chinese Academy of 
Agricultural Sciences, Beijing, PRC, personal communication) suggests 
another niche for this crop (Agogino, 1957). 
In 1981, the National Seed Storage Laboratory of the U.S. Department 
of Agriculture was designated by the International Board for Plant 
Genetics Resources (IBPGR) as the global repository for the base collec­
tion of amaranth accessions (Grubben and van Sloten, 1981) and the North 
Central Regional Plant Introduction Station (NCRPIS) at Ames, Iowa, was 
designated as the medium-term storage facility for the Amaranthus collec­
tion. The current collection has more than 2500 accessions. Maintenance 
of Amaranthus accessions has been hampered by photoperiod sensitivity, 
outcrossing, and misidentification of species. As a part of a research 
program to assess the feasibility of Amaranthus as a Midwestern crop, 
the objectives of my study were (a) to evaluate heterosis of intra- and 
interspecific accession crosses utilizing A. cruentus and A. hybridus 
2 
(A. hypochondrlacus) and (b) to conduct growth analyses and genetic 
variation studies on A. cruentus accessions. A spinoff from this study 
will be identification of promising breeding stocks. 
General Literature Review 
The current status of grain amaranths will be reviewed relative to 
their plant taxonomy, genetics, interspecific hybridization, and germplasm 
evaluation. Also, I will address how an understanding of biological* yield 
might be used for improving the crop. Comprehensive amaranth summaries 
are available (Flores and Teutonico, 1986; Saunders and Becker, 1984; 
Singhal and Kulharni, 1988). 
Taxonomy 
Amaranthus hybridus is one of the world's worst weeds (Holm et al., 
1977). Weed scientists (Wax, 1979) have difficulty identifying midwestern 
amaranths, and Senesac (1985) highlights this problem. All amaranths, 
presumably due to their weedy reputation and small flower parts, are often 
relegated to one species, but Senesac found three species growing in New 
York. Because herbicides do not control certain biotypes, farmers and 
researchers questioned whether the plants were properly identified. 
Grain amaranth taxonomy follows two schools of thought; (a) the 
Sauer and (b) the Brennan/Townsend school. Sauer (1950, 1967) divided 
the grain amaranths into three domesticated species; 
Amaranthus cruentus L. 
A. hypochondriacus L. 
A. caudatus L. 
3 
The wild relatives, which represent the secondary gene pool of grain 
amaranths, are: 
A. powellii S. Wats. 
A. hybridus L. 
A. quitensis H.B.K. (Coons, 1977) 
A. retroflexus L. 
Sauer proposed either that (a) each grain amaranth has its own progenitor 
among the wild relatives or (b) all three species have a common ancestor. 
Repeated introgression of weed amaranths with the slowly diverging grain 
types has resulted in sexual isolation and different chromosome numbers 
for the two types. 
Brennan (1981) and Townsend (1977) adopted Sauer's second hypothesis 
and interpreted amaranth species as follows: A. hybridus would include A. 
hypochondriacus as A. hybridus subsp. hybridus and A. cruentus as A. 
hybridus subsp. cruentus. No comprehensive, taxonomic monograph is avail­
able for the amaranths. 
Without a taxonomic consensus on classifying domesticated amaranths. 
Peine (1986) developed a provisional taxonomic key for edible species of 
the Amaranthaceae. A system for classifying plant types, i.e., Aztec 
grain. Prima grain, Nepal grain, etc., was developed by Kauffman and 
Reider (1983). 
Germplasm evaluation 
Fatokun (1985) used cluster and principal component analyses to 
classify 40 amaranth lines into six groups. He had limited success in 
associating clustered groups with geographic origins. For example. 
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amaranths of Indian origin clustered into four groups and an American A. 
cruentus was in the same cluster as 15 African A. cruentus accessions. 
Using the Mahalanobis D-squared statistic, Pandey (1981) assigned 36 
amaranth populations into four clusters, but the clusters did not 
parallel the geographic origins of the accessions. 
By utilizing isozyme loci to estimate crop-weed genetic distances, 
Hauptli and Jain (1978) discovered a close affinity among the three grain 
species. Principal component analysis, utilizing 14 quantitative traits, 
clearly separated the grains (A. cruentus, A. hypochondriacus, and A. 
caudatus) and the weedy species (A. powellii, A. retroflexus, and A. 
hybridus), and hybrids fell between the two groups but closer to the 
grains. Hauptli and Jain (1984) studied 22 traits in selfed families from 
six Latin American amaranth populations and found that some populations 
were predominantly homozygous with sufficient genetic variance for effec­
tive selection. In a six-parent diallel among accessions of Indian A. 
hypochondriacus, Pandey (1982) found significant general (GCA) and 
specific combining ability (SCA) effects for flowering and maturity dates, 
height, pollen fertility, and panicle length. 
Genetics 
The grain amaranths are diploid (2n=32 or 34), dicotyledonous plants 
(Pal and Khoshoo, 1973). Their dichasial cymes hold a plethora of 
glomerules in a monoecious inflorescence. Genetic control of male and 
female flower numbers, protogyny, and cryptic self-incompatability is 
is not understood (Jain, 1984). Jain et al. (1986) have discovered more 
than a score of genetic markers in the grain amaranths. Peters and Jain 
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(1987) reported genic-cytoplasmic male sterility in some Indian A. 
hypochondriacus populations, while Gudu and Gupta (1988) found nuclear 
male sterility in a Nepalese A. hypochondriacus population. 
Genetic studies on amaranth protein (Pandey and Pal, 1985) suggest 
that A. hybridus and A. hypochondriacus are conspecific. Pal and 
Khoshoo (1973) showed that interspecific hybrids had partial pollen fer­
tility and proposed that gene exchange occurred between the three weed 
species, A. powellii, A. hybridus, and A. quitensis, but did not occur 
between the domesticated grain species. Singh (1961) described a spon­
taneous, sterile hybrid between A. cruentus and A. hypochondriacus. 
Hauptli and Jain (1978) reported that A. cruentus X A. hybridus hybrids 
closely resembled the latter parent. 
Most diploid, self-pollinated species lack the genetic buffering 
associated with polyploid and allogamous species (Stalker, 1980). 
Natural crossing within and between Indian landraces has generated high 
levels of genetic variation and some genetic buffering (Vaidya, 1983). 
Outcrossing levels of 3.5 to 14% have been estimated for Indian amaranths , 
(Jain et al., 1982). 
Interspecific hybridization 
Vegetative heterosis in interspecific amaranth crosses was noted by 
Murray (1960). He found that hybrids between an unidentified Mexican 
line with A. hybridus and A. retroflexus accessions from New York were 
sterile and inherited a dominant, early flowering gene from A. hybridus. 
Immense "environmental vegetative heterosis" and the simplicity of manipu­
lating flowering date inheritance prompted Murray (1960) to advocate 
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breeding photoperiod-sensitive varieties of Amaranthus for fodder and 
green manure. 
Biological yield 
Cereal yields have been improved by increasing harvest index (HI), 
incorporating disease and pest resistance, exploiting hybrid vigor, and 
maximizing biological yield. One strategy for improving biological yield 
is via improved growth rate. Interspecific introgression from weedy to 
cultivated forms has increased biomass and growth rate in oat (Takeda and 
Frey, 1985; Helsel, 1980), barley (Rodgers, 1982), pearl millet 
(Bramel-Cox et al., 1984), and sorghum (Cox et al., 1984). 
Key factors which affect biological yield include nitrogen supply, 
light interception and intensity, water stress and availability, develop­
mental stage, and interactions of these factors (Donald and Hamblin, 
1976). Additional factors that affect biomass of amaranths include plant 
density and insect and disease damage (Martineau, 1985). 
While evaluating A. hybridus subspecies incurvatus as a potential 
Ugandan forage, Mugerwa and Bwabye (1974) estimated a biological yield 
of 9472 kg dry matter ha ^ after 9% weeks of plant growth. Van Eijnatten 
(1970) reported 12-17 tons ha ^ of green foliage from various amaranth 
species growth during the tropical rainy season in Africa, whereas Tarimo 
and Huxley (1979) obtained 41 tons ha ^ fresh weight yield after 38 days 
of growth for an A. hybridus cv. Mchicha [sic]. Grubben (1976) tested 
A. cruentus cv. Fotete, the most popular vegetable in Benin, and deter­
mined a maximum green leaf yield of 23,088 kg ha~^ at 8 weeks. Based on 
his graphs, which indicated a partitioning of roughly 30% of the total 
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above-ground fresh weight to leaves, this leaf weight indicates a fresh 
matter yield of approximately 77,000 kg ha ^. Incidentally, vegetable 
amaranths like "Fotete" are traditionally harvested at 3 to 4 weeks when 
the stem is still edible and anthesis has not begun. 
In addition to vegetable yields, amaranths have been tested as green 
manures. Clark and St. Jean (1984) reported total seasonal dry matter 
yields of 6740 and 5860 kg ha ^ for two Amaranthus spp. in Canada. These 
yields were obtained with four cuttings during a 138-day growing season. 
When tested under a three-harvest regime, these same species gave total 
seasonal dry matter yields of 7815 and 6540 kg ha~^. Further, they de­
termined that variety "OMM" produced a first-cut silage yield of 5010 
-1 
kg ha in 68 days. 
Growth analysis 
Ever since Blackman (1919) proposed the compound interest law as a 
model of plant growth, regression forms, including exponential, time power, 
monomolecular, simple logistic, and Gompertz, have been fit to plant dry 
weight (Richards, 1969). Fisher (1984) listed methods suitable for ex­
pressing growth rate during the crop's vegetative growth phase as quad­
ratic regressions to obtain instantaneous growth rates (Vernon and 
Allison, 1963), cubic regressions on the natural log of plant weight 
(Hughes and Freeman, 1967), a "five-points quadratic smoothing formula" 
for long season crops and short harvest intervals (Erickson, 1976), and 
quadratic curves fitted to individual segments of the growth data (Hunt 
and Parsons, 1977). These methods give pragmatic descriptions of increase 
in plant dry weight, but they were not exhaustively precise models. 
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Growth analysis literature has been reviewed by Evans (1972), Erickson 
(1976), Sestak et al. (1971), Wilson (1981), and Radford (1967).' The latter 
two authors reviewed how growth rate formulae are typically applied to 
crops. Watson (1947a,b, 1952, 1958) elucidated the relationships of leaf 
area index (LAI) with net assimilation rate (NAR) and crop growth rate 
(CGR = NAR X LAI, where A is leaf area, t is time, and W is the dry 
weight). The product of leaf area ratio (LAR or A/W) and NAR is the 
relative growth rate (RGR), a term commonly applied to noncompetitive 
plants. Wilson (1981) pointed out that early, noncompetitive growth of 
crop stands is often described by RGR, whereas later, competitive growth 
is better described by CGR. He also suggested the CGR can be expressed 
as biomass x RGR. 
According to Radford (1967), the Vernon and Allison (1963) method of 
calculating instantaneous growth rates is attractive because it does not 
require any information about the relationship of A and W. "First, quad­
ratic regressions of A or LAI on time (t) and W or biomass yield on time 
are obtained. If these regressions fit the data satisfactorily, it is 
possible to solve for RGR, NAR, and LAR; 
With parabolic curves defined as: 
W = a + bt + ct^, and 
A = a' + b't + c't^, 
then these relationships hold; 
Equation 1; RGR = (l/W)(dW/dt) 
= (b + 2ct)/(a + bt + ct^) 
Equation 2; NAR = (l/A)(dW/dt) 
= (b + 2ct)/(a' + b't + c't^) 
Equation 3; LAR = (A/W) 
= (a' + b't + c't^)/(a + bt + ct^). 
Growth parameters can be used in several ways. For example, Lupton 
et al. (1967) measured tillering, growth rate, and leaf area of five wheat 
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varieties and random crosses between them and estimated the efficacy of 
each growth parameter in predicting yield. From correlations of yield 
and the growth parameters, they found that yield per se in one year pre­
dicted yield the next year better than did any of the growth parameters. 
In only one year of the study did they find that leaf area and its linear 
regression were significantly (P=0.01) correlated with yield. But corre­
lations of this nature, they assert, only suggested a secondary relation­
ship such as "dependence of shoot weight on leaf area" (Lupton et al., 
1967). 
Growth analysis was applied by Fisher and Milbourn (1974) to test 
the effects of plant density and apical bud removal on productivity of 
Brussel sprouts (Brassica oleracea var. gemmifera D.C.). High LAI at 
a high planting density (4 plants m ^) coincided with a maximum CGR of 24 
g m ^ d High NAR or unit leaf rate occurred early in the season and, 
overall, it was greater at the lower planting density (1 plant m ^), 
probably because neither interplant shading nor canopy closure occurred. 
A third example of how growth analysis gives insight into crop 
improvement is provided by Goldsworthy (1970) who researched Nigerian 
and American sorghum varieties. The four sorghums were grown.at three 
densities and sown at dates that would synchronize heading. Goldsworthy 
(1970) applied a cubic model of natural logarithm (In) W and In L re­
gressed on time (Hughes and Freeman, 1967). The linear and quadratic 
components accounted for most of the variation in In W vs. time, 
whereas the quadratic component accounted for most of the variation in 
L vs. time. For the long season entries, maximum LAI occurred at ten 
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weeks and was maintained over an eight-week period until heading, 
whereas the early American variety reached maximum LAI at heading (also 
at ten weeks). CGR of the long season sorghums peaked around 30 days 
after planting (DAP) and decreased until heading at 100 DAP. Varia­
tion in final biomass for the long season sorghums due to plant popula­
tions was accounted for by variation in CGR during the first two months. 
Low HI in long season sorghums was attributed to the competing stem sink 
after heading. 
These examples illustrate how growth analysis could be used to 
analyze important biological and grain yield components in a particular 
crop. Such analysis allows one to propose breeding strategies. For 
example, Goldsworthy (1970) advocated that, whwn breeding late season 
sorghums, selection should be for a strong reproductive sink. 
Explanation of Dissertation Format 
This dissertation follows the alternate dissertation format de­
scribed in the Iowa State University Graduate College Thesis Manual. 
Three proposed journal papers are herein described as Sections I, II, and 
III. 
Section I covers biomass and flowering date studies encompassing 
three separate experiments: an interspecific factorial mating within 
the primary gene pool of grain amaranths, and two intraspecific factorial 
matings. 
Section II describes a potential method to estimate biomass in grain 
amaranths. The use of basal stem diameter as a predictor of biomass was 
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tasted on entries from three factorial matings. A simple regression 
and an allometric model were compared. This proposed method could be 
used to screen hybrid forage and vegetable amaranths. 
Section III reports growth analyses and genetic variation for se­
lected traits of several A. cruentus accessions. The eight accessions 
evaluated in 1985 were improved and unimproved grain types of African 
and Mesoamerican origins. During 1986, two of these accessions were 
selected for further evaluation because they had possessed contrasting 
NARs and biomass yields. 
The General Introduction precedes the three sections and contains 
a general literature review of pertinent topics. Following the three 
sections is a General Summary and Discussion encompassing the entire 
dissertation. References cited in the General Introduction and General 
Summary and Discussion are included in the General References. Appen­
dices A, B, and C include supplemental figures and tables to the three 
sections. 
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SECTION I; BIOMASS HETEROSIS AND COMBINING ABILITY 
INTERSPECIFIC AND INTRASPECIFIC MATINGS OF GRAIN AMARANTHS 
13 
ABSTRACT 
Thirty-two amaranth accessions from the World Germplasra Collection 
were hybridized to produce 87 F^s which were evaluated for heterosis and 
combining ability in three factorial mating designs. On average, inter­
specific matings of Amaranthus cruentus L. and A. hypochondriacus L. 
produced highly significant (P = 0.01) biomass increases over their 
parents. When crossed with A. cruentus African vegetable accessions as 
females, male parents of both species showed significant (P = 0.05) 
general combining ability (GCA). Midparent heterosis for biomass ranged 
from -13% to 88%. Late flowering of interspecific matings strongly in­
fluenced the larger biomass yields. Intraspecific matings of Asian A. 
hypochondriacus accessions exhibited highly significant (P = 0.01) 
heterosis for biomass and GCA and SCA effects. Midparent heterosis ranged 
from -36% to 29% and maturity had little influence on biomass heterosis 
in A. hypochondriacus matings. Intraspecific hybrids among A. cruentus 
grain and vegetable types showed significant (P = 0.05) GCA effects for 
the grain types when used as male parents but average heterosis was zero. 
Midparent heterosis ranged from 0 to 57% for intraspecific A. cruentus 
hybrids. Interspecific hybridization seems to be a promising way to in­
crease biomass productivity of Amaranthus for use as a vegetable, energy 
feedstock, or forage. 
Additional index words: Amaranthus cruentus L., Amaranthus 
hypochondriacus L., Amaranthus hybridus L., forages, vegetables, germplasm, 
hybridization. 
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INTRODUCTION 
Grain amaranths belong to the plant family Araaranthaceae and the 
genus Amaranthus which contains more than 50 species. The primary gene 
pool of grain amaranths encompasses at least three species, Amaranthus 
hypochondriacus L., A. cruentus L., and A. caudatus L. (Hauptli and Jain, 
1978; Brenan, 1981). Pal and Khoshoo (1973) concluded that no gene trans­
fer occurs among the domesticated species because of structural hy-
bridity and variable chromosome numbers (i.e., A. cruentus has n = 17 and 
the other two species have n = 16). A. hybridus L., the putative 
progenitor of the grain amaranths (Coons, 1977; Sauer, 1967), is con-
specific with A. hypochondriacus (Townsend, 1977) and the between these 
putative species exhibits heterosis (Pandey and Pal, 1985). 
Little is known about the nature and sources of hybrid vigor within 
the Amaranthus gene pool, but Pandey (1984a) demonstrated that heterosis 
for grain yield was a function of general (GCA) and specific combining 
ability (SCA) between hybrids among Indian accessions. Dominance effects 
for harvest index and grain yield plant were important in the and 
generations (Pandey, 1984b). Previously, Pandey (1982) had discovered 
SCA for flowering date in the same 30 F^s among A. hypochondriacus acces­
sions. Hauptli (1977) reported a negative 'correlation between percent 
biomass in stems and percent biomass in grain in greenhouse-grown popula­
tions of all three grain species. Kulakow and Jain (1987) found inbreed­
ing depression for seven traits in crosses between Mexican and African 
populations of A. cruentus. Vaidya (1983) found considerable within-
population variation in Indian A. hypochondriacus populations, probably 
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due to heterozyqote advantage, natural outcrossing, or artificial 
selection. 
Programs for improvement of amaranths as a forage, vegetable, or 
grain crop may be able to utilize interspecific hybridization and 
knowledge about combining ability. Murray (1940a) reported high vegetative 
vigor and low fertility in interspecific crosses of A. caudatus X A. 
retroflexus L. Interspecific hybridization has improved biomass yields 
of oats (Avena sativa L.) (Takeda and Prey, 1976) and barley (Hordeum 
vulgare L.) (Rodgers, 1982). GCA and SCA estimates have proven valuable 
for selecting genotypes and testers for hybrid breeding in grain (Beil and 
Atkins, 1967) and forage sorghums (Sorghum bicolor (L.) Moench) (Lodhi 
et al., 1978), in selecting parents for cultivar improvement in cotton 
(Gossypium hirsutum L.) (Sharma, 1979) and oats (Cox and Frey, 1984), 
and in evaluating population improvement in maize (%ea mays L.) (Lamkey 
and Hallauer, 1984). 
The objectives of this study were (a) to estimate the degree of 
heterosis for biomass in Amaranthus hybrids, (b) to assess the importance 
of GCA and SCA in the inheritance of biomass in Amaranthus hybrids, and 
(c) to determine whether interspecific or intraspecific hybrids give 
greater heterosis. 
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MATERIALS AND METHODS 
Parental Stocks 
Thirty-two accessions were chosen from the Amaranth World Collec­
tion to represent diverse types (Kauffman and Reider, 1983) and origins 
(Table 1). These were placed in groups of twelve, twelve, and eight to 
be used as parents in three factorial mating experiments. The twelve 
parents for Experiment I, which consisted of nine A. cruentus (CRU), 
two A. hypochondriacus (HYP), and one A. hybridus (HYB) accessions, were 
divided into six A. cruentus females and six males from three species 
(Table 1). The twelve parents for Experiment II, which consisted of 
eleven A. hypochondriacus (HYP) and one A. hybridus (HYB) accessions, 
were divided into five A. hypochondriacus (Table 1). The eight parents 
for Experiment III were all A. cruentus accessions and were divided into 
four grain types as males, and four African vegetable types as females. 
All females were homozygous recessive (rr) green stem color (Kulakow 
et al., 1985), and all males were homozygous or heterozygous dominant 
(RR or Rr) for red stem color. Thus, seedlings from seed borne on female 
plants would have red stems only if hybrids. 
Hybridization Technique 
The parent accessions for the factorial matings were sown in a 50% 
soil/50% peat mix (Sunshine No. 3, Fisons Western Corp., Vancouver, Canada) 
in the greenhouse with 50 pots per accession. Seven days after planting. 
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Table 1. Names, species, types, and origins for amaranth accessions 
used as parents in three factorial mating experiments 
Parental 
line Species Type Origin Symbol 
Experiment I 
RRC 1011 CRU Mexican grain Mexico Ml 
NCRPIS 2081 HYB Nepal grain Unknown M2 
R158 CRU Cultivar Maine M3 
NCRPIS 2178 HYP Nepal grain Nepal M4 
PI 477914 CRU Mexican grain Mexico M5 
PI 210995 HYP Nepal grain Afghanistan M6 
NCRPIS 1991 CRU African vegetable Ghana F7 
NCRPIS 2003 CRU African vegetable Ethiopia F8 
NCRPIS 2015 CRU African vegetable Benin F9 
PI 482049 CRU African vegetable Zimbabwe FIO 
NCRPIS 1978 CRU African vegetable Ghana Pll 
NCRPIS 1985 CRU African vegetable Unknown F12 
Experiment II 
NCRPIS 2155 HYP Nepal grain Nepal M' 1 
NCRPIS 2156 HYP Nepal grain Nepal M' 2 
NCRPIS 2158 HYP Nepal grain Nepal M' 3 
NCRPIS 2160 HYP Nepal grain Nepal M' ' 4  
PI 274275 HYP Nepal grain Pakistan M" '5 
NCRPIS 2001 HYP Nepal grain Nepal F' 6 
NCRPIS 2063 HYP Nepal grain Nepal F' 7 
NCRPIS 2075 HYP Nepal grain Nepal F' 8 
NCRPIS 2164 HYP Nepal grain Nepal F' 9 
NCRPIS 2195 HYP Nepal grain Nepal F' 10 
NCRPIS 5152 HYB Weed Unknown F' 11 
PI 477915 HYP Nepal grain Nepal F' 12 
Types follow Kauffman and Reider (1983) except for African grain 
types which are, in fact, vegetable landraces and have been renamed as 
African vegetable types. 
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Table 1. (Continued) 
Parental 
line Species Type Origin Symbol 
Experiment III 
NCRPIS 2041 CRU Mexican grain Indonesia M' '1 
PI 433228 CRU Guatemalan grain Guatemala M' •2 
PI 451711 CRU Guatemalan grain Guatemala M' '3 
PI 477913 CRU Mexican grain Mexico M' •4 
NCRPIS 1959 CRU African vegetable Ghana F' '5 
NCRPIS 1968 CRU African vegetable Ghana F' '6 
NCRPIS 1973 CRU African vegetable Nigeria ' F' '7 
NCRPIS 2000 CRU African vegetable Benin F' '8 
the seedlings were thinned to two per Jiffy pot (Jiffy Products (N.B.) 
Ltd., Shippegan, Canada). For a given factorial mating, five pots each 
of the female parents were interspaced with pots of one male parent. 
Each planting of one male with the females was isolated in a 3-mil, poly­
ethylene tent supported with a bamboo framework. The amaranth accessions 
had variable photoperiod sensitivity, so their flowering dates were syn­
chronized by varying the photoperiod. Generally, Asian A. hypochon-
driacus accessions exhibited a short-day requirement whereas African and 
Mesoamerican A. cruentus usually were day-length insensitive. Tents were 
shaken each morning at 10 a.m., the peak time for pollen shedding, to 
ensure pollen dispersion. 
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Field Experiments 
Seeds harvested from the female plants were sown in greenhouse peat 
pots filled with a 50% soil/50% peat mix. After seven days, red-stemmed 
seedlings from a mixture of selfs and hybrids were transplanted two per 
neat pot, and they were transplanted into the field when 21 days old. 
Transplants were irrigated twice to mitigate transplanting stress. 
Field-grown experiments were conducted at the North Central Regional 
Plant Introduction Station (NCRPIS) at Ames, Iowa. _ Soil types at 
the sites of the 1986 and 1987 experiments were Nicollet loam (mixed, 
mesic Aquic Hapludoll) and Clarion loam (mixed, mesic Typic Hapludoll), 
respectively. Both experiments were fertilized preplant with 67 kg N 
ha ^ (46-0-0 urea). 
Each experiment was conducted with four replications in a split 
plot design with entry groups (male parents, female parents, and crosses) 
randomly allocated to main plots and entries randomly allocated to sub­
plots, A plot consisted of a single row, 1.5m long with plants spaced 
0.07 m apart (183,550 plants ha ^). Border plants were transplanted at 
the ends of plots, and peripheral plots had border rows. Beginning 
three weeks after transplanting and every fortnight thereafter, plants 
were sprayed alternately with insecticides, either Sevin (1-naphthyl 
N-methyl-carbamate) or an Orthene (0,S-dimethyl acetyl phosphoramidi-
thioate)/Malathion (0,0-dimethyl phosphorodithioate of diethyl mercapto-
succinate) mix. Anthesis dates, i.e., first show of anthers, were 
taken at four-day intervals, starting two weeks after transplanting. 
i 
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Biomass harvests were conducted between 110-115 days after planting. For 
experiments I and II, twelve random plants per plot were harvested in 
bulk, weighed for green weight, and chopped in a forage harvester. To 
estimate moisture percentage, a chopped subsample of at least 500 g was 
taken, weighed, dried at 28°C, 30% R.H. for four days, and reweighed. 
Dry weight per plot was the product of green weight and (1 - moisture per­
centage for the plot). For Experiment III, ten random plants per plot were 
individually harvested, weighed to give green weight, dried at 28°C, 
30% R.H. for four days, and reweighed to give dry weight. 
Statistical Methods 
A Gardner-Eberhart Analysis II diallel model (Gardner and Eberhart, 
1966), modified as a factorial mating design (K. L. Lamkey, Department of 
Agronomy, Iowa State University, Ames, Iowa, personal communication), was 
used to analyze data from the three experiments-. This fixed model evalu­
ates variety performance per se and average, variety, and specific hetero­
sis. The modified Gardner-Eberhart Model II analysis fits parental and 
cross means as: 
Y. . = y(v) + l/2(v. + V.) + g(Z) + 5(h+h.+h +s. .)f 
J 1 J 1 J 
where y(v) is the mean of all parental accessions, 3=0 and 5=1 
when i j, and g = 1 or -1 and 6=0 when i = j , and 6=1 for 
the (ii)th accession and $ = -1 for the (jj)th accession, and 
Z is the average heterosis effect, 
where v^ and v^ are variety (accession) effects for male and female 
parents, respectively, i = 1, ..., m, and j = m+1, ..., m+f, and 
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h is the average heterosis difference between the parents and 
crosses, and 
h^ and h^ are the contribution of male and female parents to 
heterosis, respectively, and 
is the specific combining ability, where 6=0 when i = j and 
6=1 when i j, 
such that S. y, = E. v. = E. h. = 2 
1 i J J i i j 
"j ' \ =ij = sij = ° -
The standard errors for the SCA effects (â^j), accession heterosis effects 
(h^ and h^ ) , and accession effects (•(/•^ and v^ ) were calculated as S.E. of 
the effect = [C\^ (the i^^ diagonal element of the [X'PX] inverse matrix) 
times the estimated experimental error variance)] ^ . For the combined 
analysis of variance in Experiment I, the treatment X location interac­
tions were used as the error variance. In Experiment II, the error (b) 
term was used as the error variance because the subplot error variances 
tested homogeneous (P = 0.34). In Experiment III, the subplot error 
variances were not pooled because subplot variances were heterogeneous 
(P = 0.03). Analysis of variance and covariance plus Analysis II models 
were computed with SAS (1985). 
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RESULTS 
Experiment I; For the interspecific mating design, mean squares 
for average heterosis and male parent heterosis were highly significant 
(P = 0.01) and significant (P = 0.05), respectively, accounting for 40% 
and 38% of the heterosis sum of squares. Average heterosis for all 
hybrids was 4.50 Mg ha ^ (32% heterosis relative to the midparent). 
Parental heterosis effects were significantly variable (P _< 0.05). They 
varied from zero for five of six male parents and none of the effects was 
significant for the African CRU vegetables as females. When the entries x 
years interaction was partitioned for all heterosis effects, only the 
components, crosses x years and males x years, were significant. None of 
A /\ 
the estimates for accession per se effects on biomass (v.and v.) was 
significant. 
The male parent with the largest positive parental heterosis effect 
for biomass was NCRPIS 2178 (M4), a Nepal grain type. The CRU male 
parent with the greatest effect for accession heterosis was R158 (M3). 
However, none of the R158 crosses yielded more biomass than R158 per se. 
Two of the three CRU male parents (Ml and M5) had low negative accession 
heterosis effects. 
Analysis of covariance was applied to the biomass data, with date 
of anthesis as the covariate. The sum of squares among crosses and the 
male GCA were reduced 82% and 93%, respectively, when date of anthesis was 
held constant (Table 2). Midparent heterosis ranged from -13% to 88% 
and high-parent heterosis ranged from -24% to 40%. The hybrid biomass 
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Table 2. Analysis of covariance for Amaranfchus biomass data from three 
factorial mating designs with flowering date as a fixed vari­
able; ratios listed are the sum of squares (SS) after flowering 
date effects removed over before flowering date effects removed 
Matings 
Interspecific Intraspecific Intraspecific 
CRU X  HYP HYP X  HYP CRU X  CRU 
Source of variation Exp. I Exp. II Exp. Ill 
Among male parents 
197.7 
253.6 
102.3 
502.3 
39.7 
61.7 
Among female parents 
50.5 
143.0 
12.49 
582.3 
5.0 
19.2 
Among crosses 
1264.5 1446.6 253.4 
6931.5 1562.7 302.6 
^All SS were calculated on a Mg ha ^ basis. 
means computed on the basis of female parents were not significantly 
different (Table 3). However, the crosses x years interaction was sig­
nificant (P = 0.05) for biomass yield. 
Flowering (Julian date) means for male parents, female parents, and 
crosses were 218, 216, and 232, respectively. NCRPIS 2178 (M4) was not 
significantly different in flowering date from the three early flowering 
male CRU parents, but each of its crosses flowered from three to four 
weeks later than either it or the respective female parent. Overall, 
accessions used as males represented three species and encompassed a six-
week range in flowering (Tables 4 and 5). The accessions x years inter­
actions for flowering were highly significant (P = 0.01) for male 
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Table 3. Flowering date (Julian date) and biomass (Mg ha~^) means and 
ranges for mating means averaged over parents in three fac­
torial matings of Amaranthus spp. 
Matings 
Type of 
cross 
Interspecific 
CRU X HYP 
Exp. I 
Intraspecific 
HYP X HYP 
Exp. II 
Intraspecific 
CRU X CRU 
Exp. Ill 
Male cross 
Flowering 
Biomass 
N 
Mean 
LSD^ 
Range 
Mean 
LSD 
Range 
231 
17 
211-255 
18 .06 
4.39 
12.77-23.86 
248 
3 
241-250 
1 8 . 8 0  
1.70 
15.01-20.80 
206 
1 
204-207 
16.97 
2 . 0 6  
14.40-18.91 
Female cross 
Flowering 
Biomass 
N 
Mean 
LSD 
Range 
Mean 
LSD 
Range 
231 
7 
229-235 
18 .06  
3.48 
16.76-18.89 
248 
4 
221-259 
1 8 . 8 0  
2 . 0 0  
16.23-21.98 
206 
1 
204-207 
16.97 
2 . 0 6  
15.97-17.66 
N is the number of parents contributing to a cross mean. 
All LSDs are at the 0.05 probability level, 
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Table 4. Flowering date (Julian date) and biomass (Mg ha~^) means and 
ranges for three factorial matings of Amaranthus spp. 
Matings 
Entry groups 
Interspecific 
CRU X HYP 
Exp. I 
Intraspecific 
HYP X HYP 
Exp. II 
Intraspecific 
CRU X CRU 
Exp. Ill 
Male parents 
Flowering 
Biomass 
Female parents 
Flowering 
Biomass 
Crosses 
Flowering 
Biomass 
Mean 
CV, % 
Range 
Mean 
CV, % 
Range 
Mean 
CV, % 
Range 
Mean 
CV, % 
Range 
Mean 
CV, % 
Range 
Mean 
CV, % 
Range 
218 
7 
207-246 
17.10 
3 
14.41-19.56 
216 
4 
207-221 
10 .00  
35 
6.70-11.29 
232 
5 
209-258 
1 8 . 0 6  
31 
11.53-26.20 
251 
2 
208-265 
21.05 
15 
12.08-27.18 
234 
3 
197-259 
19.00 
18 
8.93-23.37 
248 
3 
218-262 
18.80 
17 
8.81-26.95 
204 
1 
197-206 
15.23 
4 
12.85-17.07 
206 
0.4 
201-208 
12.11 
3 
10.46-13.58 
206 
0.4 
201-208 
16.97 
5 
13.58-20.56 
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Table 5. Flowering date (Julian date) and biomass (Mg ha"^) means for 
parental mating means in three factorial matings of 
Amaranthus spp. 
Parental cross 
Interspecific 
CRU X HYP 
Exp. I 
Matings 
Intraspecific 
HYP X HYP 
Exp. II 
Intraspecific 
CRU X CRU 
Exp. Ill 
Male cross 
Flowering 
Biomass 
Ml 211 M'l 248 M' '1 207 
M2 243 M' 2 250 M' '2 204 
M3 214 M'3 250 M' '3. 206 
M4 254 M'4 250 M' '4 206 
M5 212 
M6 255 
LSD® 17 3 1 
Ml 14.23 M'l 20.45 M' '1 17.34 
M2 22.10 M' 2 18.32 M' •2 14.40 
M3 12.77 M'3 19.41 M' •3 17.21 
M4 23.86 M'4 20.80 M' '4 18.91 
M5 13.83 M'5 15.01 
M6 21.55 
LSD 4.39 1.70 2.06 
Female cross 
Flowering 
B3 omass 
F7 
F8 
F9 
FIO 
Fll 
F12 
LSD 
F7 
F8 
F9 
FIO 
Fll 
F12 
LSD 
232 
231 
229 
230 
231 
235 
18.68 
18.89 
16.76 
18.00 
17.19 
18.81 
3.48 
F'6 
F <  7  
F'8 
F'9 
F'lO 
F'll 
F'12 
F'6 
F'7 
F'8 
F'9 
F'lO 
F'll 
F'12 
246 
257 
245 
254 
259 
221 
252 
4 
19.85 
18.05 
21.98 
18.48 
18.71 
16.23 
18.31 
2 . 0 0  
F' '5 
F''6 
F''7 
F''8 
F' '5 
F''6 
F''7 
F''8 
206 
207 
204 
204 
15.97 
17.66 
17.66 
16.57 
2 . 0 6  
^All LSDs are at the 0.05 probability level. 
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parents, female parents, and crosses. The crosses of CRU male 
parents (Ml and M5), which had low negative accession heterosis 
effects, flowered within an eight-day range. 
Experiment II; In the mating design among HYP and HYB accessions, 
the mean squares for GCA of male and female parents, and SCA all were 
highly significant (P = 0.05). Average biomass heterosis over all ^ 
hybrids, which was 1.22 Mg ha ^ (-5.1% relative to the midparent 
values), was nonsignificant. However, heterosis for male accessions and 
specific heterosis were highly significant (P = 0.01). 
Among the male parents, PI 274275, a Pakistani grain accession (M'5), 
gave the greatest negative accession effect (Table 6). The male acces­
sion, NCRPIS 2156 (M'2), had the largest positive accession effect and the 
smallest negative heterosis effect. Among the males, only NCRPIS 2155 
(M'l) showed a significant, positive heterosis effect and, among the 
female parents, NCRPIS 5152 (F'll, a HYB weed) showed the greatest nega­
tive accession effect and a highly significant positive heterosis effect. 
Eight of 14 significant SCA effects were positive and 6 were negative 
(Table 6). Male accession, female accession, and cross means were 21.05 
-1 -1 -1 
Mg ha , 19.00 Mg ha , and 18.83 Mg ha , respectively. No hybrid 
yielded more than its best parent. 
An analysis of covariance was applied to the biomass data with date of 
of flowering treated as a fixed variable. The SS for biomass among 
crosses was reduced by 1%, while SS for male and female accessions was 
reduced by nearly 80% (Table 2). 
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Table 6. Estimates of accession (v^ and Vj), accession heterosis (h^ 
and hj), and specific combining ability effects (s^j) in a 
5x7 factorial mating design of A. hypochondriacus L. 
Specific combining ability effects^ 
Female Male accessions 
accessions M'l M'2 M'3 M'4 M'5 
F'6 274** 38 -105 32 -240** 50 37 
F'7 -78 -124 -23 -160 385** -96 92 
F' 8 -67 64 -81 324** -239** 66 285* 
F'9 -313** -54 -8 113 263** -103 163 
F'lO 102 90 31 49 -271** -119 224* 
F'll 193* -226** -96 -52 182* 161** -658** 
F'12 -110 212* 283** -306** -78 40 -144 
hi 136* -231** -25 76 45 
Vi -56 401** 132 109 -586** 
^Significant accession, accession heterosis and SCA effects tested 
by a two-tail t-test; S.E.(sj^j) = +/-85.8, S.E.(hj) = +/-58.1, S.E.(hj) = 
+/-64.4, S.E.(Vi) = +/-93.8, S.E.(Vj) = +/-103.4. 
*,**Significantly different from zero at the 5% and 1% probability 
levels, respectively. 
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Flowering date means (Julian date) for males, females, and crosses 
were 251, 234, and 248, respectively (Table 4). The parents vs. 
crosses contrast for flowering date was highly significant. NCRPIS 5152 
(F'll, a HYB weed) flowered three weeks earlier than the other females 
(LSD(0.05) = 10 days). The male parent, PI 274275 (M'5), flowered seven 
weeks before the Nepalese accessions used as males, while its hybrids 
flowered a week earlier than the hybrids that involved the other males 
(LSD(0.05) = 3 days). 
Experiment III; For the intraspecific CRU mating, biomass mean 
squares were significant (P < 0.05) for parents vs. crosses, male vs. 
female parents, Guatemalan vs. Mexican grain accessions, and for male 
parent GCA. Biomass yields of hybrids involving the African CRU vege­
table accessions differed significantly but no difference existed among 
hybrids with parents of Ghanaian and Nigerian origin. Accession hetero­
sis, SCA, and accession effects were not significantly different from 
zero. Average heterosis was 3.34 Mg ha ^ (24.7% relàtive to the mid-
parent value), and it accounted for 59.1% of the heterosis sum of squares. 
Midparent heterosis ranged from 0 to 57%. 
An analysis of covariance for biomass data with date of flowering 
held constant caused 16%, 36%, and 74% reductions in SS for crosses, 
male parents, and female parents, respectively (Table 2). Flowering 
dates for the accessions and crosses were quite homogeneous and the ranges 
in flowering dates for male and female accessions were only nine and 
seven days, respectively (Table 4). The male vs. female flowering date 
r 
contrast, which was equivalent to the 
contrast, was highly significant (P = 
contrast was not. 
grain type vs. vegetable type 
0.01) but the parents vs. crosses 
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DISCUSSION 
Experiment I; Biomass yields of HYP x CRU hybrids were strongly 
influenced by flowering date (Table 2). Matings where males were HYP and 
HYB, NCRPIS 2081 (M2), NCRPIS 2178 (M4), and PI 210995 (M6), flowered 
four weeks later and accumulated over 60% more biomass than matings where 
males were CRU (Table 5). Davis (1974) described a similar phenomenon in 
interspecific hybrids (Gossypium hirsutum L. X G. barbadense L.) of cotton. 
The mechanism that causes late flowering in the interspecific 
amaranth hybrids is not explainable from available data. Perhaps it was 
increased photoperiod sensitivity. Kulakow and Jain (1985) noted a wide 
range of flowering responses in amaranth germplasm, including quantitative 
short-day, day-length insensitive, and early bolting plants. Early bolt­
ing occurred in NCRPIS 2081 (M2) and occasionally among its crosses. 
Also, genotype X environment interaction may influence flowering date of 
interspecific hybrids. Kulakow and Jain (1985) identified one major gene 
for earliness in CRU X A. retroflexus backcross and backcross-derived 
generations. They averred that a genotype X environment interaction was 
involved in earliness segregation patterns when HYP was a parent. Early 
induction of flowering in CRU X CRU crosses could have caused photosyn-
thates to be used in the energy expensive processes of meiosis and grain-
filling. This hypothesis is supported by Reuben and Mnzava (1982) who 
found that, as flowering began, the inflorescences of African CRU acces­
sions accumulated dry matter at the expense of stems. They proposed that 
the strengths of sinks seemed to change progressively from leaves to 
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stems to roots during vegetative development. 
Female parents in Experiment I did not differ significantly in 
flowering date (Table 3), which may reflect that all of them were 
adapted to a similar latitude, or that they were selected for a similar 
vegetative duration, or that African vegetable accessions all originate 
from a common genetic background (Fatokun, 1985). Sauer (1967) states 
there is no evidence of CRU introduction to the Old World tropics. If 
A. cruentus was carried to Africa from post-Columbian Mesoamerica, 
then a narrow genetic base is quite possible. This hypothesis is rein­
forced by the consistent flowering date and biomass yield performance 
of CRU vegetable types when used as females, especially when the 
breadth of their geographic origins is considered (Tables 1 and 5). 
The CRU male with the largest heterosis effect was R158 (M3), an 
experimental cultivar with parentage that includes an African vegetable 
CRU and a Mexican grain CRU. It was bred originally at the Rodale Re­
search Center, Kutztown, Pennsylvania and then underwent selection at 
Johnny's Selected Seeds at Albion, Maine (44° N. latitude). Apparently, 
mass selection for adaptation to higher latitudes and for "superior 
grain types" has resulted in R158 carrying genes for high biomass 
yields, although no mating involving R158 exceeded the high parent in 
biomass yield. Within Experiment I, the interspecific matings gave sig­
nificantly greater biomass yields than did the intraspecific ones. 
Experiment II: Among the factorial matings, only the intraspecific 
HYP X HYP mating exhibited SCA effects for biomass. This supports the 
idea of Grubben and van Sloten (1981) who proposed that "the Hindustani 
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subcontinent has become a secondary centre of diversity [for grain 
amaranths]." The pre-Columbian introduction of A. hypochondriacus 
to Asia (Nakao and Sauer, 1956) with subsequent evolution may account 
for the diversity in the Asiatic germplasm. An alternative hypothesis 
is that an 18th century introduction was made in Asia by European 
traders (Merrill, 1954). Whichever idea is correct, grain amaranths have 
been selected or have adapted to montane environments of Northern India, 
Nepal, Afghanistan, and Pakistan. Nepalese HYP accessions are attuned 
to 27-30° N. latitude and they have been used for amaranth breeding even 
farther north (Kauffman and Reider, 1983). Nepalese accessions if used 
in breeding programs at higher latitudes may need to be converted with 
either genes for earliness or photoperiod insensitivity. Recessive 
alleles controlling earliness in Indian, HYP X HYP matings were dis­
covered by Pandey (1985) and such conversions have been made in sorghum 
(Quinby and Martin, 1954). 
Curiously, no intraspecific HYP cross outyielded its high parent for 
biomass. Late flowering was not a factor in the expression of biomass 
heterosis in Experiment II hybrids. In summary, the low magnitude of 
biomass heterosis in intraspecific HYP crosses suggests that the Asian 
accessions may not be very useful as parents in biomass or forage breed­
ing programs. 
Experiment III: Pooling the traits of African vegetable amaranths 
with those of Mesoamerican grain types could lead to a multipurpose 
crop. Hybrid vigor for biomass was detected in this limited sampling 
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of genotypes and matings. Matings in Experiment III showed only modest 
biomass heterosis without undue lateness. 
The coefficients of variation for Experiment III which contained 
intraspecific CRU X CRU matings were much lower than those for Experi­
ments I and II (Table 4). Because all three experiments were conducted in 
the same environment, it is not likely that the low CV for Experiment III 
reflects differential random fluctuations due to soil heterogeneity, 
micro-environment differences, etc.; rather, it probably results because 
individual plants were the sampling unit in Experiment III whereas whole 
plots were the sampling units in Experiments I and II. 
Implications; Interspecific hybrids of HYP X CRU hold potential for 
increasing biomass productivity of African and Indian vegetable amaranths. 
In fact, certain interspecific hybrids gave biomass yields from two to 
four times greater than those of African vegetable accessions per se. 
Heterobeltiosis (i.e., high-parent heterosis) for biomass ranged from 
-24% to 40%. Tent hybridization as described in this study would per­
mit a broad screening for heterotic responses of genotypes representing 
varied origins and subspecies. African vegetable type CRU is tradition­
ally harvested by multiple cuttings taken over a period of two to five 
months after planting (Grubben, 1975). Development of African CRU hy­
brids would require significant hybrid vigor in early growth, particularly 
in leaf area, as opposed to the late-season biomass accumulations re­
corded here. Murray (1940a) observed such pre-anthesis hybrid vigor in 
hybrids of A. caudatus X A. retroflexus. 
Yield advantages of intra- or interspecific forage hybrids over 
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open-pollinated amaranths need to be evaluated in light of nutritional 
quality and seed production economics. For example, forage amaranths, 
actually open-pollinated grain varieties, in the People's Republic of 
China (Dr. Shaoxian Yue, Dept. of Genetics, Chinese Academy of Agricul­
tural Sciences, Beijing, PRC, personal communication) have been deployed 
because of low seeding rates, high levels of stem and leaf protein, and 
a high "propagation coefficient" (Yue et al., 1987). If hybrid 
Amaranthus was to be treated as a forage at higher latitudes, seed 
production of interspecific hybrids might need to be conducted at a lower 
latitude or in an environment with a longer growing season. 
Introduction of amaranths into cropping systems poses opportunities 
and problems which arise from their prolific seed production and natural 
hybridization. Numerous, highly sterile interspecific hybrids are possi­
ble in the genus Amaranthus (Murray, 1940b; Covas, 1950; Priszter, 1958; 
Tucker and Sauer, 1958; Grant, 1959; Sauer, 1967; Pal and Khoshoo, 1973; 
Kulakow and Jain, 1985). Segregates from crosses of grain and weed 
amaranths could become troublesome volunteer weeds in crop rotations. 
Rare, naturally occurring segregates from interspecific crosses are 
known, e.g., Grant (1959) described an A. cruentus X A. hybridus plant 
(2n = 34) collected near Morelos, Mexico as such a segregate. Further, 
the presence of naturally occurring, interspecific crosses would require 
certified seed production with appropriate isolation distances and roguing 
of offtypes. On the other hand, intentional exploitation of crop X weed 
hybrids with "environmental vegetative heterosis" was proposed by Murray 
(1960). 
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The magnitude of biomass yield found in HYP X CRU and HYP X HYP 
crosses suggests that amaranths may be a potential energy feedstock. 
Their dry matter yields compare favorably with the yields of hybrid 
-1 -1 
sorghum and pearl millet, 25 Mg ha and 19 Mg ha , respectively 
(Burton, 1986). Hybrid amaranth as a biomass source, though, would 
require yield and economic advantages over traditional crops on non-
prime lands. For instance, Seecharan (1985) has suggested that Kochia 
scoparia (L.) Roth, and Helianthus tuberosus L. may have such advantages 
when compared with corn, wheat, and soybeans on marginal, Canadian lands. 
The substantial biomass heterosis found in interspecific crosses 
probably could be enhanced by population development and improvement. 
For example, synthetic populations for recurrent selection programs might 
b<i developed from geographically based or plant type groups in the world 
collection: African vegetable type CRU, Mesoamerican (Guatemalan and 
Mexican) grain type CRU, Nepalese grain type HYP, African HYB, and 
Indian grain type HYP. Both population improvement programs and hybrid 
production may be facilitated by using either gene-cytoplasmic (Peters 
and Jain, 1987) or genetic male sterility (Gudu and Gupta, 1988). 
Biomass heterosis was likely influenced by transplanting. Here, 
transplanting was necessary to rogue for selfs and to ensure a stand. 
When field-seeded amaranths were compared to transplanted ones, 
Mohideen and Rajagopal (1975) discovered that transplanting resulted 
in later flowering, longer crop duration, and shorter plants. Inter­
specific, hybrid vegetable amaranths could be transplanted in areas like 
tropical Africa where this method is traditionally practiced (Grubben, 
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1976). Direct seeding of intraspecific and interspecific hybrids may be 
more practical in agricultural systems which rely upon mechanization. 
The Amaranthus accessions used in this study represent less than 
0.5% of the world's collection (Grubben and van Sloten, 1981). The wide 
range of maturities and biological yields obtained (Table 5) reinforces 
the proposition that grain amaranths contain considerable genetic diver­
sity (National Research Council, 1984). Interspecific hybridization 
within the crop's primary gene pool offers substantive biomass yield 
heterosis and it may be an indirect route to increase grain production. 
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SECTION II. INDIRECT METHODS FOR ESTIMATING BIOMASS OF 
GRAIN AMARANTH ACCESSIONS AND HYBRIDS 
43 
ABSTRACT 
Efficient techniques to screen genotypes for superior biomass pro­
duction are needed when breeding crops for forage, vegetative, and bio-
energy yields. Basal stem diameter and vegetative biomass were measured 
on accessions and hybrids of grain amaranths (Amaranthus hybridus L.) 
in three experiments. Rank correlations of these two traits were 0.97, 
0.84, and 0.89 for 16, 56, and 16 hybrids, respectively, in three 
experiments. An allometric model did not increase the rank correlations 
nor did it produce a better fit than that provided by a simple regression 
m o d e l .  H i g h  p h e n o t y p i c  c o r r e l a t i o n s  b e t w e e n  b i o m a s s  a n d  b a s a l  s t e m  d i ­
ameter were found within amaranth types (grains, vegetables, and their 
crosses). 
In all three factorial matings, general combining ability (GCA) 
for stem diameter was significant for grain type males, whereas GCA for 
stem diameter was significant for vegetable type females in only two 
matings. Specific combining ability (SCA) for basal stem diameter was 
significant in the seven-by-eight factorial mating. 
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INTRODUCTION 
Rapid methods for evaluating genotypes are necessary in any plant 
breeding program but they are critically needed when testing for bio­
mass or dry matter production. Indirect evaluation of biomass is used 
in ecology, forestry and rangeland management (Stanek and State, 1978; 
Hitchcock and McDonnell, 1979; Smith and Brand, 1983; Andariese and 
Covington, 1986). Common, indirect methods used for estimating plant 
biomass include linear regression (Zar, 1968; Sestak et al., 1971) and 
TV 
the allometric equation, Y = BX (Huxley, 1950; Pearsall, 1927). 
Foresters routinely estimate forest yields by using measurements of 
bole diameter at breast height in established logarithmic regressions 
(Baskerville, 1972). Telfer (1969) found that logarithmic equations 
based on diameter accurately predicted above-ground dry weight in 22 
2 
woody species. The coefficients of determination (R ) were greater than 
0.9 for all predictions on trees and low and tall shrubs. Brown (1976) 
used basal stem diameter in linear regressions to estimate biomass of 
25 Morth American shrubs, and Vasudevan et al. (1986) used stem diameter 
in linear regressions to estimate fresh weights of Ipomoea fistulosa 
Mart, ex Choisy, an Indian shrub. 
Unlike woody shrubs, trees, and perennial herbs, grain amaranths 
(Amaranthus hypochondriacus L., A. hybridus L., A. cruentus L., and A. 
caudatus L.) (Townsend, 1977) are herbaceous, dicotyledonous annuals 
(Saunders and Becker, 1984). The crop is used as a pseudocereal, 
vegetable, and forage (National Research Council, 1984) and has plants 
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of massive size. Thus, it would be helpful to be able to estimate bio­
mass of this crop via some simple measurement that can be made easily 
and rapidly. 
The objectives of this study were to (1) evaluate traits that 
would predict above-ground biomass in Amaranthus spp., (ii) to test 
regression models of biomass on stem diameter in amaranth accessions 
and their crosses, and (iii) to evaluate general and specific combining 
ability for basal stem diameter in factorial Amaranthus matings. 
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MATERIALS AND METHODS 
Parental Stocks 
Twenty-four amaranth accessions were chosen from the World Collec­
tion to represent diverse types (Kauffman and Reider, 1983) and origins 
(Table 1). These were placed in groups of eight, fifteen, and eight to be 
used as parents in three factorial mating experiments. The eight parents 
for Experiment I, which consisted of six A. cruentus (CRU), and two A. 
hypochondriacus (HYP) accessions, were divided into two groups, one with 
four A. cruentus as females and one with two accessions of each species 
as males (Table 1). The fifteen parents for Experiment II, which con­
sisted of ten CRU, one A. hybridus (HYB), and four HYP accessions, were 
divided into two groups, one with seven CRU as females and one with three 
CRU, one HYB and four HYP accessions as males (Table 1). All accessions 
used for Experiment I, except for one male parent, NCRPIS 2192, were also 
used in Experiment II. The eight CRU accessions for Experiment III were 
divided into two groups with four grain types as males and four African 
vegetable types as females. All females were homozygous recessive (rr) 
for green stem color (Kulakow et al., 1985), and all males were homozygous 
or heterozygous dominant for red stem (RR or Rr). All red-stemmed seed­
lings from seed borne on female plants were hybrids. 
Hybridization Technique 
The parent accessions for the factorial matings were sown in a 50% 
soil/50% peat mix (Sunshine No. 3, Fisons Western Corp., Vancouver, 
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Table 1. Names, species, types, and origins for amaranth accessions 
used as parents in three factorial mating experiments 
Parental line Species Type^ Origin Symbol 
Experiments _I and II 
Males 
K188 HYP Cultivar Pennsylvania -
NCRPIS 2081 HYB Nepal grain Unknown -
NCRPIS 2176 HYP Nepal grain Mcjpal -
NCRPIS 2178 HYP Nepal grain Nepal -
NCRPIS 2192^ HYP Nepal grain Nepal 1 
PI 210995° HYP Nepal grain Afghanistan 2 
PI 477914° CRU Mexican grain Mexico 3 
R] 58° CRU Cultivar Maine 4 
RRC 1011 CRU Mexican grain Mexico 
Females 
NCRPIS 1978 CRU African vegetable Ghana -
NCRPIS 1985° CRU African vegetable Unknown 5 
NCRPIS 1991 CRU African vegetable Ghana -
NCRPIS 2003° CRU African vegetable Ethiopia 6 
NCRPIS 2015° CRU African vegetable Benin 7 
NCRPIS 2054 CRU African vegetable Malaysia -
PI 482049° CRU African vegetable Zimbabwe 8 
^Types follow Kauffman and Reider (1983) except for their African 
grain types which are, in fact, vegetable landraces and have been renamed 
as African vegetable types. 
^All of the above parental lines except NCRPIS 2192 were included 
in Experiment II. 
Q 
Experiment I parents. 
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Table 1. (Continued) 
Parental line Species Type Origin Symbol 
Experiment III 
Males 
NCRPIS 2041 CRU Mexican grain Indonesia 9 
PI 433228 CRU Guatemalan grain Guatemala 10 
PI 451711 CRU Guatemalan grain Guatemala 11 
PI 477913 CRU Mexican grain Mexico 12 
Females 
NCRPIS 1959 CRU African vegetable Ghana 13 
NCRPIS 1968 CRU African vegetable Ghana 14 
NCRPIS 1973 CRU African vegetable Nigeria 15 
NCRPIS 2000 CRU African vegetable Benin 16 
Canada) in the greenhouse with 50 pots per accession. After seven days, 
the seedlings were thinned to two per Jiffy pot (Jiffy Products (N.B.) 
Ltd., Shippegan, Canada). For a given factorial mating, five pots of 
each of the female parents were interspaced with pots of one male 
parent. Each planting of one male with the females was isolated in a 
3-mil, polyethylene tent supported with bamboo stakes. The amaranth 
accessions had variable photoperiod sensitivity, so their flowering dates 
were synchronized by varying the photoperiod. Generally, Asian HYP 
accessions exhibited a short-day requirement whereas African and Meso-
american CRU usually were insensitive to photoperiod; Tents were shaken 
each morning at 10 a.m., the usual peak for pollen shedding, to ensure 
pollen dispersal. 
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Field Experiments 
Seeds harvested from the female plants were sown in greenhouse peat 
pots filled with a 50% soil/50% peat mix. After seven days, red-stemmed 
seedlings from a mixture of selfs and hybrids were transplanted to peat 
pots with two seedlings per pot, and they were transplanted into the field 
at 21 days. Transplants were irrigated twice to mitigate transplanting 
stress. Experiments were conducted at the North Central Regional Plant 
Introduction Station (NCRPIS) at Ames, Iowa. Each experiment was fer­
tilized with 67 kg N ha ^ (46-0-0 urea). Soil types at the sites of the 
1986 and 1987 experiments were Nicollet loam (mixed, mesic Aquic Haplu-
doll) and Clarion loam (mixëd, mesic Typic Hapludoll), respectively. 
Each experiment was conducted with four replications in a split 
plot design with entry groups (male parents, female parents, and crosses) 
randomly allocated to main plots and entries randomly allocated to sub­
plots. A plot consisted of a single row, 1.5 m long with plants spaced 
0.07 m apart within the row (183,550 plants ha ^). Border plants were 
transplanted at the ends of plots, and peripheral plots had border rows. 
Beginning three weeks after transplanting and every fortnight there­
after, plants were sprayed alternately with insecticides, either Sevin 
(1-naphthyl N-methyl-carbamate) or an Orthene (0,S-dimethyl acetyl 
phosphoramidithioate)/Malathion (0,0-dimethyl phosphorodithioate of 
diethyl mercaptosuccinate) mix. The plots were hand weeded. Anthesis 
dates, i.e., first show of anthers, were taken at four-day intervals, 
starting two weeks after transplanting. 
Biomass harvests were conducted between 110-115 days after planting. 
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For Experiments I and III, six and ten randomly chosen plants per plot, 
respectively, were harvested individually, measured for various traits, 
weighed green, dried at 28°C for four days, and reweighed to give biomass. 
For Experiment II, 12 randomly chosen plants per plot were harvested, 
weighed green, and chopped in a forage harvester. To estimate moisture 
percentage, a chopped subsample of 500 g was taken, weighed, dried at 
28°C for four days, and reweighed. Biomass (BIO) per plot was the 
product of green weight and (1 minus the moisture percentage for the 
plot). 
In all experiments, basal stem diameter (BSD) was measured with 
calipers at the crown of harvested plants. Other traits measured in 
Experiments I and III were: height of the central plant axis (HT), 
blade length of largest leaf (LL), petiole length of largest leaf (PL), 
area of largest leaf (LA), and total leaf area (TLA). Leaf area was mea­
sured with an electronic, belt-driven leaf area meter (Li-Cor Model 3000, 
Li-Cor, Inc., Lincoln, Nebraska). In Experiment III, two additional 
traits were measured: inflorescence width at the widest point (IW) and 
inflorescence height measured from the last leaf over 2.5 cm long to the 
top of the central axis (IHT). 
An analysis of variance was conducted on the data for each trait from 
each experiment. Males vs. females and parents vs. crosses contrasts 
were tested for significance with the main-plot error, whereas combining 
ability components were tested with the subplot error. To assess the 
value of various traits for estimating biomass, phenotypic correlations 
were computed. Subsequently, linear regression analyses were conducted 
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with BIO as the dependent variable and other traits as' the independent 
variables. Coefficients of determination (R^s) for the various regres­
sions were used to assess whether a given trait estimated BIO well. 
Also, Spearman rank correlations were computed to measure the relation­
ships of BIO and BSD. All regressions and correlations were computed on 
accession or cross means. Generally, relationships between BIO and a 
potential predictive trait were assessed within groups of parents and 
crosses separately. All variance and regression analyses, including 
Goodnight's maximum technique to choose traits with the highest pre­
dictive value for BIO, were calculated by using SAS (1985). 
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RESULTS 
In Experiment I, traits most highly correlated with biomass were 
basal stem diameter (BSD) and total leaf area (TLA) (Table 2). Biomass 
when regressed on BSD gave coefficients of determination (B^s) ranging 
from 0.46 to 0.93 for parent accessions and from 0.64 to 0.88 for the 
crosses (Table 3). When multiple regression was used to maximize the 
R^s with BSD entered first, TLA was chosen as the second most valuable 
predictive trait 75% and 87% of the time for parent accessions and 
crosses, respectively. Height was the second trait in all remaining 
cases (Table 3). 
In Experiment III, BIO was more highly correlated with BSD than with 
any other trait (Table 2). R^s for regression of biomass on BSD ranged 
from 0.62 to 0.85 for parent accessions, and from 0.62 to 0.86 for the 
crosses (Table 3). Multiple regressions did not show any consistent 
second trait for improving the prediction of BIO even though TLA did 
improve the prediction for crosses 44% of  the time (Table 3). Rank 
correlations of BSD with biomass were 0.84 or greater for crosses in all 
three experiments (Table 4). 
The males vs. females and parents vs. crosses contrasts for stem 
diameter and biomass were significant (P <. 0.05) in Experiments II and 
III, but only the latter contrast was significant in Experiment I (Table 
5). In Experiments I and II, general combining ability (GCA) for 
BSD was significant (P £ 0.05) for males and females, whereas in Experi­
ment III, it was significant for males only. Specific combining ability 
(SCA) for BSD was significant only in Experiment II (Table 4). 
Table 2. Pooled phenotypic correlations of BIO with several traits from 
two Amaranthus factorial matings, Experiments I and 
Traits^ 
Biomass^ HT BSD LL PL LA TLA IW IHT 
Experiment 2 
Males 0.78 0.86 0.29NS 0.03NS 0.15NS 0.82 
Females 0.90 0.97 0.92 0.73 0.92 0.97 
Crosses 0.83 0.92 0.63 0.35 0.62 0.94 
Experiment III 
Males 0.60 0.92 -0.34NS 0.15NS 0.03NS 0.85 
Females 0.75 0.69 0.59 0.57 0.59 0.79 
Crosses 0.50 0.86 0.51 0.65 0.61 0.78 
-0.02NS -0.02NS 
-0.23NS 0.67 
0.51 0.51 
^All correlation coefficients are significant at the 0.01 level 
unless indicated otherwise. NS = not significant. 
^HT, height; BSD, basal stem diameter; LL, blade length of largest 
leaf; PL, petiole length of largest leaf; LA, area of largest leaf; TLA, 
total leaf area; IW, inflorescence width; and IHT, inflorescence height. 
Categories include grain types as males, vegetable types as females, 
and crosses. In both experiments the number of accessions pooled over 
males, females, and crosses was 16, 16, and 96, respectively. 
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Table 3. Coefficients of determination (R^) for regressions^ of 
biomass on basal stem diameter (BSD) and other traits in two 
Amaranthus factorial matings, Experiments I and III; allied 
traits were identified using Goodnight's maximum technique 
(SAS, 1985) 
Accession or R^, 1 df R^, 2 df with 
cross symbol^ testing BSD only 2nd trait, trait 
Experiment 
Parents 
1 0.46 0.73, HT 
2 0.80 0.92, TLA 
3 0.80 0.91, HT 
4 0.79 0.94, TLA 
5 0.93 0.98, TLA 
6 0.65 0.88, TLA 
7 0.90 0.94, TLA 
8 0.86 0.91, TLA 
Crosses 
1,5 0.84 0.89, TLA 
2,5 0.86 0.92, TLA 
3,5 0.70 0.86, TLA 
4,5 0.84 0.89, TLA 
1,6 0.81 0.85, HT 
2,6 0.80 0.89, HT 
3,6 0.64 0.92, TLA 
4,6 0.64 0.92, TLA 
1,7 0.88 0 . 9 5 ,  TLA 
2,7 0.88 0.90, TLA 
3,7 0.83 0.93, TLA 
4,7 0.80 0.95, TLA 
1,8 0.87 0.88, TLA 
2,8 0.85 0.95, TLA 
C
O
 r
o 
0.68 0.83, TLA 
C
O
 
0.70 0.90, TLA 
^^11 regressions were significant at the P ^ 0.001 level. 
Crosses are designated by parent codes, e.g., 9,13 is a cross of 
NCRPIS 2041 (9) by NCRPIS 1959 (13). See Table 2 for key to trait codes. 
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Table 3. (Continued) 
Accession or R^/ 1 df R^, 2 df with 
cross symbol testing BSD only 2nd trait, trait 
Experiment III 
Parents 
9 0.65 0.80, HT 
10 0.62 0.62, IHT 
11 0.75 0.78, IHT 
12 0.85 0.80, IW 
13 0.57 0.65, HT 
14 0.85 0.89, TLA 
15 0.73 0.83, TLA 
16 0.76 0.82, HT 
Crosses 
9.13 0.75 0.78, IW 
10,13 0.69 0.78, TLA 
11,13 0.62 0.76, IW 
12.13 0.78 0.80, TLA 
9.14 0.83 0.87, TLA 
10.14 0.73 0.82, TLA 
11,14 0.58 0.67, HT 
12.14 0.75 0.79, IW 
9.15 0.86 0.88, LA 
10.15 0.76 0.81, LA 
11,15 0.74 0.78, TLA 
12.15 0.85 0.86, TLA 
9.16 0.65 0.71, HT 
10.16 0.64 0.80, IHT 
11,16 0.75 0.81, IHT 
12,16 0.80 0.84, TLA 
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Table 4. Rank correlations® of basal stem diameter (BSD) with biomass 
(BIO) and coefficients of determination (R^ in parentheses) 
for a simple regression and allometric model as applied to 
three factorial mating experiments 
Male 
parents 
Entry groups 
Female 
parents Crosses 
Experiment I 
BSD & BIO 
Ln° BSD & Ln BIO 
N=4 
0.80NS 
(0.82) 
O.aONS 
(0.80) 
N=4 
1.0 
(0.998) 
1.0 
(0.996) 
N=16 
0.97 
(0.95) 
0.97 
(0.97) 
Experiment II 
BSD & BIO 
Ln BSD & Ln BIO 
N=8 
0.62NS 
(0.45)NS 
0.62NS 
(0.49) 
N=7 
1.0 
(0.88) 
1.0 
(0.92) 
N=56 
0 . 8 6  
(0.74) 
0.84 
(0.74) 
Experiment III 
BSD & BIO 
Ln BSD & Ln BIO 
N='4 
1 . 0  
(0.96) 
1.0 
(0.95) 
N=4 
0.8NS 
(0.86) 
0.8NS 
(0.88) 
N=16 
0.89 
(0.82) 
0.89 
(0.82) 
All Of the Spearman's rank correlations and regressions are sig­
nificant at the 0.01 level unless otherwise indicated. NS = not 
significant. 
is the number of lines in an entry group. 
Ln is the natural logarithm. 
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Table 5. Selected contrasts and partitioning for combining ability from 
analyses of variance in three factorial Amaranthus matings 
Source of variation df 
Trait 
Basal stem 
diameter Biomass' 
Entry groups 
Male vs. female parents 
Parents vs. crosses 
Among crosses 
M (GCA) 
F (GCA) 
M X F (SCA) 
Experiment 2 
2 
15 
1 
1 
3 
3 
9 
Levels of significance 
* * 
NS 
•k* 
* *  
NS 
•k* 
NS 
* 
NS 
Entry groups 
Male vs. female parents 
Parents vs. crosses 
Among crosses 
M (GCA) 
F (GCA) 
M X F (SCA) 
Experiment II 
2 
1 
1 
55 
7 
6 
42 
it it 
* 
* *  
* *  
it* 
* 
* *  
it* 
it it 
it * 
** 
NS 
** 
Entry groups 
Male vs. female parents 
Parents vs. crosses 
Among crosses 
M (GCA) 
F (GCA) 
M X F (SCA) 
Experiment III 
2 
15 
1 
1 
3 
3 
9 
*  
* *  
•k-k 
NS 
NS 
*  
* *  
k 
* k 
NS 
NS 
^Levels of significance for biomass are partially included in 
Lehmann et al. (1989) but have been included for comparison with basal 
stem diameter. 
^*,**Significant at the 0.05 and 0.01 probability level, 
respectively. NS = not significant. 
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DISCUSSION 
Correlations were computed within groups of crosses or parent 
accessions and then pooled over "amaranth type" populations. The fact 
that types of Amaranthus exist (Kauffman and Reider, 1983) suggests that 
landraces were artificially selected for grain or vegetable phenotypes. 
Historically, Amaranthus cruentus L. originated as a grain crop in Mexico 
and Guatemala (Sauer, 1967) and then was introduced to tropical Africa, 
where it was adopted as a leaf vegetable (Grubben, 1976). Grain types, 
intuitively, would be selected for uniform flowering (Burkill, 1953) 
and large grain heads, whereas vegetable types would be selected for 
leafiness and late flowering. Whatever divergence may have been imposed 
by selection, however, biomass when regressed on basal stem diameter ex-
2 
hibited consistently high R values for both accessions and crosses 
(Table 3) making it appropriate to pool correlations between BSD and 
biomass over populations of plant types. 
In Experiment I, total leaf area (TLA) maximized the coefficients of 
determination as the second trait entered (after BSD) in multiple regres­
sion analyses. In Experiment III, this pattern was repeated in the 
crosses inasmuch as TLA was entered as the second trait in about one-
half of the cases. However, the extra precision of prediction obtained 
by including TLA could not be justified in a routine evaluation program 
because of the great cost and effort of measuring TLA per amaranth 
plant, even with an electronic leaf area meter. Many hybrid plants 
2 
possessed 50-120 leaves and 4,000-10,000 cm of leaf area. The labor 
requirement to measure leaf area was from 0.1-0.2 man-hours plant ^. 
A simpler and more rapid method to measure Amaranthus leaf area would 
be required before its use as a predictor of BIO would be justified. 
Although allometric or dimensional analysis has been widely applied 
to forest trees, its utility for herbs and shrubs only now is emerging 
(Smith and Brand, 1983). On the other hand, Wiant and Harner (1979) have 
pointed out that such logarithmic regressions display a bias on the pre­
dicted means. The lack of superiority of logarithmic regression over 
simple regression in estimating Amaranthus BIO may result from this bias. 
In no experiment did the allometric equation markedly improve the rank 
correlations or the coefficients of determination (R^) over those 
obtained with linear regression on the original measurements (Table 4). 
A simple regression model was found sufficient to predict biological 
yield (Figures 1-3). Linear regression of BIO on BSD was least reliable 
for male accessions in Experiment II, which may be due, in part, to the 
small number of accessions tested or to testing different species of the 
same type (CRU and HYP) (Tables 1 and 4). Overall, the high rank correla­
tions for crosses suggest that indirect biomass selection may be effec­
tive, even in highly interrelated populations. 
Estimating biomass by dimensional analyses may have limited value 
in the Amaranthaceae and related plant families such as the Chenopodi-
aceae. For example, Nieto and Fargas (1987) presented data on stem 
diameter and dry weight in four grain amaranths grown at an unspecified 
density and sampled on five harvest dates 25 to 83 days after planting. 
2 
Four random plants in a 6.3 m zone were harvested. No apparent relation-
F:gure 1. Relationship between basal stem diameter and biomass of A. cruentus crosses tested in 
a 1987 intraspecific factorial mating; y = -95.51 + 99.52x; r = 0.90**; dashed lines 
indicate the 95% confidence interval for individual predicted values 
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Figure 2. Relationship between basal stem diameter and biomass of 56 crosses from an 8 by 7 
factorial mating of Amaranthus spp. tested in 1987; y = -282.19 + 200.78x; r = 0.88**; 
dashed lines indicate the 95% confidence interval for individual predicted values 
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ship between stem diameter and biomass was present from their data. 
High population densities, a minimum sample size, herein at least 40 
plants, and an optimum growth stage may be necessary for this model to 
apply. In the closely related chenopod shrubs, Atriplex vesicaria 
Heward ex Benth. and Maireana sedifolia (F. Muell.) P. G. Wilson, biomass 
as forage weight was better estimated by the Adelaide technique (the 
reference unit method) than by dimensional analyses or by capacitance 
probes (Andrew et al., 1981). 
Indirect estimation of high biomass genotypes of amaranth could be 
practiced as soon as significant stem diameter differences occurred, 
possibly allowing two selection cycles per growing season. Stem di­
ameter could be measured with metal calipers, cardboard gauges (Evans, 
1972), or electronic, photoelectric devices with automatic data recording. 
Biomass in grain amaranths can be indirectly estimated by basal stem 
diameter with quite good precision. This method could be applied to 
large numbers of hybrids as a preliminary screening technique or as a 
means to practice indirect mass selection in populations. In three fac­
torial matings, allometric regressions of biomass on stem diameter were 
about equal to simple regressions. Phenotypic correlations of biomass 
with stem diameter and total leaf area were high in both individual popu­
lations and in populations of various plant types, i.e., vegetable, grain, 
and grain X vegetable types. Multiple regression analyses suggest that 
BSD and TLA are good predictors of BIO; but, due to the high cost and 
time requirements of leaf area measurements, BSD is preferred. GCA for 
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stem diameter was found in all three experiments. The presence of SCA 
for both stem diameter and biomass suggested that ample variability for 
both traits was present in tested amaranth hybrids. 
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SECTION III; GROWTH ANALYSIS AND GENETIC VARIATION FOR SELECTED 
TRAITS OF AMARANTHUS CRUENTUS L. 
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ABSTRACT 
Grain amaranth (Amaranthus cruentus L.) was harvested at two-week 
intervals in 1985 (eight accessions) and in 1986 (two accessions). In 
1985, between 40 and 100 days after planting, the accessions displayed a 
linear growth phase for total dry weight and above-ground dry weight. 
Grain yield was influenced by date of flowering with most accessions 
showing maximum grain yields 114 days after planting. Accessions that 
were improved by artificial selection were significantly"different 
(P = 0.05) from unimproved accessions in total leaf area, above-ground 
dry weight, and total dry weight. Guatemalan and Mexican grain types 
were not different for either biomass or total leaf area. A maximum crop 
growth rate (CGR) of 17.6 g m ^ d ^ was found in the cultivar, R158. 
Leaf area indices and crop growth rates were low compared to previous 
reports'. A vegetable accession from Zimbabwe (PI 482051) had more than 
twice a's much below-ground biomass as did the other seven accessions. 
This may be a desirable trait when breeding for lodging resistance. 
In 1986, two amaranth accessions had different rates of total 
dry weight and leaf area accumulation. The CGR for R158 was 
19.5 g m ^ d ^. Selection for high growth rate during the linear growth 
phase may offer promise for identifying grain amaranths with superior 
biomass. 
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INTRODUCTION 
In field crops, classical growth rate analyses have been used to 
test differences among genotypes and varied production treatments such 
as plant densities, fertilizer applications, and soil temperature. De­
tailed reviews of growth rate analyses have been prepared by Radford 
(1967), Richards (1969), and Evans (1972). Other factors affecting growth 
rates include the carbon-fixing pathway of the species (Monteith, 1978), 
leaf area index (LAI), stage of senescence (Hammer et al., 1987), water 
stress, nutrient stress, and light intensity. 
Amaranth species are used as pseudocereals, vegetables, and forages 
in the Americas, tropical Africa, and Asia. Within the grain amaranth 
species complex, which includes A. hypochondriacus L., A. hybridus L., 
A. cruentus L., and A. caudatus L. (Brenan, 1981) , A. cruentus has been 
used as a leafy green vegetable in Africa and Asia (Grubben, 1976) and 
for grain in Mexico and Guatemala (Sauer, 1967). 
From an evaluation of four A. cruentus populations from Mesoamerica, 
Hauptli and Jain (1984) concluded that a high degree of homozygosity for 
ten quantitative traits existed within the populations. Nieto and Fargas 
(1987), from a study of four amaranth genotypes, found maximum crop 
growth rates (CGRs) of 34.9 and 28.9 g m ^ day ^ for two A. cruentus 
genotypes and 31.0 and 21.8 g m ^ day ^ for two A. caudatus genotypes. 
The highest LAI was 4.5 at 60 days. Among three A. cruentus vegetable 
cultivars, Olufolaji and Tayo (1980) found no differences for LAI and 
absolute growth rate. Highest net assimilation (NAR) or unit leaf rates 
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occurred between 7-11 weeks/ with seven weeks marking the onset of 
flowering. 
The selection of amaranth parental lines for a breeding program 
depends on the end use, i.e., forage, vegetable, or grain, for the 
cultivar developed and on the breeding methods employed. Because grain 
amaranths have a mixed mating system, Jain et al. (1986) proposed the 
use of breeding methods that combine the advantages of both allogamous 
and autogamous crops. These methods could be mass selection for plant 
height and yield per se (Vaidya and Jain, 1987), interspecific hybridiza­
tion using gene-cytoplasmic sterility (Peters and Jain, 1987), and re­
ciprocal recurrent selection (Pandey, 1982). None of these methods 
will be effective unless genetic variation of improvement traits, in­
cluding growth rate, is present among germplasm accessions. 
This paper reports upon growth analyses and genetic variation 
for several traits among eight A. cruentus accessions, that varied in 
origin and level of improvement. 
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MATERIALS AND METHODS 
Eight accessions of A. cruentus were selected for use in this study 
from the Amaranthus World Collection stored at the North Central Regional 
Plant Introduction Station (NCRPIS), Ames, Iowa, USA (Table 1). The 1985 
and 1986 field experiments were conducted on Clarion loam (mixed, mesic 
Typic Hapludoll) and Nicollet loam (mixed, mesic Aquic Hapludoll) soils, 
respectively. In 1985, all eight accessions were evaluated, whereas in 
1986, only two of the eight accessions, R158 and PI 451710, were tested. 
A four-replicate, split-plot design was used each year with acces­
sions randomly allocated to main plots and harvest dates assigned to sub­
plots. Each main plot consisted of four rows 12 m long and spaced 76 cm 
apart. The outer two rows were borders, and within the center two rows, 
2 
subplots consisted of 1.75 m harvest zones. Border plants were left 
between zones within a main plot and zones were randomly assigned to har­
vest dates. Seven and five harvest zones were used in 1985 and 1986, re­
spectively. On May 15th in both years, accessions were sown in sterilized 
soil in peat pots, and seedlings were transplanted into the field 21 days 
after planting (DAP) at a density equivalent to 183,550 plants ha ^. 
Transplants were irrigated twice to mitigate stress. No fertilizer was 
applied. Plants were sprayed every fortnight with the insecticide Sevin 
(l-naphthyl N-methyl carbamate) starting 42 DAP. Plots were handed 
at 49 and 56 DAP. 
Sampling for growth analysis traits was initiated 42 DAP and con­
tinued thereafter at 14-day intervals. A sample consisted of 6 to 10 
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Table 1. Names, types,, improvement status, and origins of eight A. 
cruentus L. accessions tested in growth analysis experiments; 
all eight accessions were tested in 1985, but only those marked 
with asterisks were used in 1986 
Accession Type^ 
Improvement 
status Origin 
RRC 1011 Mexican grain Improved Single plant selection 
from Mexico City bulk 
lot 
R158* Mexican grain Improved Experimental cultivar 
derived from a Mexican 
grain by African vege­
table cross 
PI 482049 African vegetable Unimproved Zimbabwe 
PI 482051 African vegetable Unimproved Zimbabwe 
PI 433228 Guatemalan grain Unimproved Guatemala 
PI 452816 Guatemalan grain Unimproved Guatemala 
PI 451710* Mexican grain Unimproved Mexico 
PI 451711 Mexican grain Unimproved Mexico 
Types follow Kauffman and Reider (1983) except for African grain 
types which are, in fact, vegetable landraces and have been renamed as 
African vegetable types. 
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plants uprooted with a potato fork. Flowering occurred when anthers 
showed on a plant and flowering date for a plot was recorded when 50% of 
the plants flowered in a selected 3-m section of a border row. Traits 
measured on a plant basis were (1) leaf area measured with an electronic, 
belt-driven device (Li-Cor Model 3000, Li-Cor, In., Lincoln, NE), 
(2) plant height was the length of the main stem in cm from crown to tip 
2 
of the terminal inflorescence, (3) area of largest leaf measured in cm 
with the same device used for total leaf area, (4) above-ground dry 
weight in g of the plant portion above the crown, chopped, and dried at 
28°C for 4 days, (5) below-ground dry weight of the plant portion below 
the crown, dried and weighed as in 4, and (6) grain yield. 
Data from the 6 to 10 plants sample ^ were averaged and all measure-
2 
ments were adjusted to a m basis. Analyses of variance, orthogonal con­
trasts, and regressions were computed using SAS (1985). Crop growth rate 
(CGR) and net assimilation rate (NAR) were calculated by using modified 
versions of formulas suggested by Radford (1967) and Vernon and Allison 
(1963): 
W = a + bt, and 
2 
A  =  a '  + b ' t + c ' t  ,  
where A is leaf area, t is time, and W is the dry weight, then 
NAR = (l/A)(dW/dt) = (b)/(a' + b't + c't^), and 
CGR = b . 
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RESULTS 
In 1985, all accessions exhibited linear growth through the 5th 
harvest for both total plant weight and above-ground dry weight, after 
which both traits plateaued or decreased (Figures 1 and 2). Intercepts, 
2 
slopes, and R values for individual accessions are summarized in Table 2. 
Over all eight accessions, regression of above-ground dry weight on the 
2 
first five harvest dates gave a coefficient of determination (R ) of 
0.90. Some accession regressions for above-ground biomass over harvests 
differed significantly (P = 0.05) (Table 3). Similarly, there were highly 
significant differences (P = 0.01) among the accessions in regressions 
for below-ground dry weight and total dry weight. 
PI 482051 and R158 gave the highest LAIs at the 4th and 5th harvests 
2 (Figure 3) and the best linear fit for dry weight vs. time, R = 0.96 and 
0.95, respectively. PI 482051 showed a maximum LAI of 4.2 at 114 DAP. 
Its flowering date was 106 DAP, whereas flowering for the other seven 
accessions varied from 53-71 DAP (Table 2, Figure 3). Concurrently, its 
peak below-ground dry weight was twice that of the other accessions 
(Figure 4). By contrast, PI 482049, another Zimbabwe vegetable type, 
flowered at 69 DAP and, at the 6th harvest, had a below-ground dry weight 
and an LAI only about one-third as high as those for PI 482051 (105 vs. 
303 g m 1.3 vs. 4.2). PI 482049 and RRC 1011 displayed earlier maximum 
LAI than did the other accessions. Except for PI 482051 and PI 451711, 
maximum grain yield occurred at 114 DAP (Figure 5). 
When data from only the first five harvests of the 1985 experiment 
were used, a CGR of 19.6 g m ^ d ^ was attained by R158, whereas the CGRs 
Figure 1. Trends in total dry weight accumulations for eight grain amaranths tested in 1985 
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Figure 2. Above-ground dry weight of eight grain amaranths tested in 1985 
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Table 2. Summary of linear regressions [above-ground dry weight = a + b (harvest date)] and 
growth characters for A. cruentus accessions tested in 1985 and 1986 
Linear regressions Characters 
Above-ground 
Anthesis Max. dry weight 
NAR at 5 th (days grain at 5 th 
CGR or b harvest after Max. yield harvest 
Accession a (g m-2 d-i) R2^ (g m 2 d-1) planting ) LAI (g m-2) (g m"^) 
1985 
RRC 1011 -500.7 14.2 0 .90** 6.2 62 bed 2.5 226 878 
R158 -713.9 17.6 0 .96** 4.6 71 b 4.1 255 1098 
PI 482049 -548.1 14.5 0 .90** 6.4 66 be 3.1 201 905 
PI 482051 -697.6 16.7 0 .95** 4.0 106 a 4.2 77 990 
PI 433228 -475.9 12.2 0 .83** 7.1 59 cd 2.3 229 766 
PI 451826 -534.1 14.3 0 .92** 7.8 58 cd 2.1 280 902 
PI 451710 -553.9 14.1 ' 0 .89** 7.9 62 bed 1.9 204 908 
P] 451711 -467.7 13.1 0 .90** 7.3 53 cd 2.0 216 803 
1986 
R158 -810.52 19.6 0 .82** — 66 3.3 263 1364 
PI 451710 -397.64 14.1 0 .62** — 62 2.3 146 990 
^Means with the same letter are not significantly different at the P = 0.05 level in 
Duncan's multiple range test. 
^Crop growth rate during the linear phase. 
c 2 
R is the coefficient of determination. 
**Significant at the 0.01 probability level. 
Table 3. Degrees of significance for mean squares from analyses of variance of data from eight 
traits measured on eight amaranth accessions tested in 1985 
Trait^ 
Source of 
Above 
ground 
Below 
ground Total 
Largest leaf 
Grain 
variation df WT WT WT HT Length area TLA yield 
Replications 3 
Accessions 7 NS ** * •* ** **  ** ** * *  
Improved vs. un­
improved accessions 1 * *  NS *  NS NS **  ** -
African vs. 
Mesoamerican origin 1 NS * *  * *  NS * *  NS •k* -
Mexican vs. 
Guatemalan grains 1 NS NS NS * * *  ** NS -
Error (a) 21 
Harvests 4 * *  ** ** ** *  *  * *  ** * *  
Linear 1 ** ** * * ** ** * *  ** -
Quadratic 1 NS * * NS ** ** ** ** -
Residual 2 NS NS NS NS NS NS NS -
Accessions (A) X 
Harvests (H) 28 *  ** * *  ** * *  NS * *  NS 
A X Hl 7 *  * *  * *  * *  * *  *  * *  NS 
A X Hq 
Residual 
7 NS NS NS * *  * *  NS * *  NS 
14 NS NS NS * *  NS *  NS 
Error (b) 96 
is dry weight, HT is plant height, and TLA is total leaf area. NS is not significant. 
Grain yield was tested over 4 harvests (3 df), with 21 df for the harvest X accession inter­
action and 72 df for the error (b) term. 
*,**Significant at the 0.05 and 0.01 probability levels, respectively. 
Figure 3. Leaf area indices (LAIs) of eight grain amaranths tested in 1985 
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Figure 4., Below-ground dry weight of eight grain amaranths tested in 1985 
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Figure 5. Grain yield of eight grain amaranths harvested at four dates in 1985 
300 F 
275 -
250 -
225 -
200 -
175 -
150 -
125 -
100 • 
75 • 
50 
25 
0 
ACCESSION 
A M 58 
O PI 451710 
> PI 482049 
• PI 1011 
O PI 451711 
 ^PI 482051 
• PI 433228 
• PI 451826 
/A j i_ 
-LLSD (0.05) 
J L 
œ 
w 
cr 
40 50 60 70 80 90 100 110 
DAYS AFTER PLANTING 
120 130 140 
for the other accessions ranged from 12.2 to 16.7 g m ^ s~^ (Table 2). 
Leaf area data for the eight accessions over the first five harvests fit 
2 
a quadratic model with R s from 0.48 to 0.94. PI 451710 had the highest 
NAR from 60 to 100 DAP (Figure 6), but its biomass gain at 100 DAP was 
inferior to those of PI 482051 and R158 (Figure 2). Overall growth 
attributes for the accessions are summarized in Table 2. 
On average, improved and unimproved accessions were significantly 
different (P ^  0.05) for total dry weight, above-ground dry weight, 
area of largest leaf, and total leaf area, but they did not differ for 
below-ground dry weight. African vegetable types differed significantly 
from the Mesoamerican grains for root weight, total dry weight, length 
of largest leaf, and total leaf area. Mexican accessions were not sig­
nificantly different from the Guatemalan entries for any biomass trait, 
but the two groups did differ for largest leaf traits and height 
(P < 0.05) (Table 3) . 
In 1986, the rank of CGRs for R158 and PI 451710 were similar to the 
rank in 1985 (Table 2). NARs were not calculated because leaf area re-
2 
gressions over time did not fit (R = 0.10 to 0.15) a quadratic model well. 
Linear regressions for total and above-ground dry weight were signifi­
cantly different for the two accessions but the regressions for below-
ground dry weight were not (Table 4). Accession by harvest interaction 
for total leaf area was significant at the P = 0.06 [sic] level, and re­
gressions for leaf area over time were heterogeneous (Figure 3). In 1986, 
the two accessions did not differ in flowering date (LSD(0.05) = 8 days) 
(Table 2). 
Figure 6. Net assimilation rates (NARs) of eight grain amaranths evaluated over five harvests 
in 1985 
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Table 4. Degrees of significance for mean squares from analyses of variance of data from eight 
traits measured on two amaranth accessions tested in 1986 
Source of 
variation df 
Above-
ground 
WT 
Trait 
Below-
ground Total 
WT WT 
Largest leaf 
HT Length Area 
Grain^ 
TLA yield 
Replications 3 
PI 451710 vs. R158 1 NS NS NS NS(.07) NS * * NS 
Error (a) 3 
Harvests 4 ** ** ** ** NS NS * ** 
Linear (L) ^ ****** ** * * * _ 
Quadratic (Q) 1 NS NS NS ** NS NS NS 
Residual 2 NS NS NS NS NS NS NS 
Accessions (A) X 
Harvests (H) 4 ** NS * NS NS NS NS(.06) * 
A X Hl 1 ** * * NS NS NS ** 
A X Hq 1 ** NS * NS NS NS * 
Residual 2 NS NS NS NS NS NS NE 
Error (b) 24 
^WT is dry weight, HT is plant height, and TLA is total leaf area. NS is not significant. 
^Grain yield was harvested twice so there were insufficient df to test interactions. 
*,**Significant at the 0.05 and 0.01 probability levels, respectively. 
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DISCUSSION 
In 1985, biomass accumulated at different rates for the eight 
amaranths, when measured over the first five harvests. This implied 
that evaluation of growth rate early in the growth cycle would permit 
selection for superior biomass. The last two harvests were dropped 
because total plant weight and above-ground biomass plateaued after the 
fifth harvest, due to leaf senescence and seed shattering (Figures 1 
and 2 ) . 
Overall, LAIs were low (i.e., 1-4) for the amaranth accessions 
evaluated in this study when compared to the LAI of greater than 6.0 
reported for A. hybridus by Fasheun and Ibe (1986). They used high 
nitrogen fertilization. No nitrogen was applied in these experiments 
even though amaranth species are known nitraphiles and nitrate accumula­
tors (Edwards, 1981; Grubben, 1976). In most crops, LAIs of 4 to 7 
are necessary to intercept 90% of the photosynthetically active radiation 
(Heath and Roberts, 1981). The LAI of R158 declined markedly at 100 DAP, 
which probably reflected the onset of seed development. On the other 
hand, PI 451826, with a maximum seed yield at 114 DAP, did not show a 
similar change in LAI (Figures 3 and 5). 
The root weight of PI 482051 was significantly greater than that of 
any other accession and the accession was resistant to lodging. It is 
not known whether a large tap root per se confers lodging resistance to 
grain amaranths. Effective improvement of amaranth root weight would 
require information about heritability and phenotypic plasticity of this 
trait (O'Toole and Bland, 1987). The long vegetative growth period 
for PI 482051 may have caused a large root mass for this entry or, 
alternatively, it may simply be a unique, uncorrelated trait. 
In 1986, R158 had greater total dry weight than PI 451710 (Table 4) 
and, in 1985, its total dry weight exceeded that of the other seven 
accessions (Figure 2). In both years, R158 had a greater leaf area over 
the last five harvests than did the other accessions, which suggests that 
artificial selection for an "improved grain type" has resulted in more 
rapid production of both biomass and leaf area. 
The late flowering accession, PI 482051, was significantly different 
in grain yield from the other seven accessions (Figure 5). Growth stages 
for amaranths have not been defined, but data from PI 482051 show that a 
long vegetative phase results in low seed yield and high below-ground 
biomass and LAI (Figures 3, 4, and 5). Several factors can diminish 
seed yield of A. cruentus genotypes. For instance, both differential 
pollen kill by varying ambient temperatures (Hauptli and Jain, 1978) 
and seed shattering can reduce seed yield. Grain yields of improved 
and unimproved accessions (excluding PI 482051) were not very different, 
which was somewhat unexpected. Grain yield reductions could not have 
resulted from insect damage because the plants were sprayed with an 
insecticide every two weeks. 
To reduce grain shattering may require the harvesting of indeter­
minate grain amaranths before complete maturity. To get dry-do:-,n with 
premature harvesting may require using defoliants or swathing of grain 
heads to permit field drying. 
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GENERAL SUMMARY AND DISCUSSION 
Interspecific and intraspecific factorial matings among grain 
amaranths, from varied origins and types (vegetable, grain, and weed) 
were tested for heterosis and combining ability. An intraspecific 
mating within A. hybridus (A. hypochondriacus) exhibited highly signifi­
cant (P = 0.01) accession heterosis for biomass and GCA and SCA effects. 
No hybrid yielded more biomass than its best parent and midparent hetero­
sis ranged from -36% to 29%. Date of maturity had little effect on 
biomass heterosis in A. hypochondriacus matings, whereas late flowering 
of the accessions per se did cause greater biomass. The magnitude of 
biomass heterosis in intraspecific HYP crosses suggests that the Asian 
accessions may not be useful as parents in biomass or forage breeding 
programs. However, among the factorial matings, only the intraspecific 
A. hypochondriacus mating exhibited SCA effects for biomass. This result 
is consistent with the idea that the Hindustani region is a secondary 
center of diversity (Grubben and van Sloten, 1981). 
An intraspecific mating between A, cruentus grain and vegetable 
types showed significant (P = 0.05) GCA effects for the grain types 
when used as male parents but average heterosis was zero. Midparent 
heterosis ranged from 0 to 57% for intraspecific A. cruentus hybrids. 
The small variation for flowering and modest biomass heterosis in A. 
cruentus may be due to a narrowed genetic base. Two theories to 
explain this narrow genetic base are either (l) a post-Cortez introduction 
of the crop to tropical Africa with subsequent selection or geographic 
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isolation or (2) an evolutionally recent, sexual isolation of A. cruentus 
from the other grain amaranths. 
An interspecific factorial mating displayed high biomass produc­
tivity, with an average of over 60% more biomass accumulated when A. 
hypochondriacus rather than A. cruentus was the male parent. Date of 
flowering had a major influence on biomass production. 
The use of interspecific amaranth hybrids appears to be a promising 
way to increase biomass productivity of Amaranthus. When vegetable types 
are used as parents, heterosis from interspecific hybrids may double to 
quadruple the biomass of the parents. As a forage, interspecific hybrids 
could substantially increase biomass yields over open-pollinated varieties. 
Also, because grain amaranths possess a photosynthetic pathway with a 
temperature optimum above 40°C (El-Sharkawy et al., 1968) and higher 
water-use efficiencies than species (Miller et al., 1984), their 
biomass heterosis might be utilized in hot, arid environments. Before 
the value of interspecific amaranth hybrids can be understood, their 
fodder quality, hybrid seed production, and cropping niches need assess­
ment. Availability of male sterility sources (Peters and Jain, 1987; 
Gudu and Gupta, 1988) may aid these studies. 
From a study of indirect methods for estimating amaranth biomass, 
basal stem diameter and total leaf area emerged as the best biomass 
estimators. Rank correlations between basal stem diameter and biomass 
were 0.97, 0.84, and 0.89 for 16, 56, and 16 crosses, respectively. 
An allometric model was tested, but a linear regression model employing 
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basal stem diameter as the independent variable was found sufficient to 
estimate biomass. Total leaf area was considered to be impractical as 
a biomass estimator because of the high time and labor requirements for 
its measurement. Rapid and economical estimation of biomass via basal 
stem diameter would permit a breeder to screen large populations of 
amaranth hybrids, but the selected genotypes would need to be evaluated 
further by direct measurement of biomass. 
In another set of experiments, growth analyses and genotypic varia­
tion of selected traits were evaluated in A. cruentus accessions. A 
linear growth phase was discerned during the period of 44 to 100 days 
after planting. Growth rates among the accessions were heterogeneous. 
R158, an experimental cultivar of African vegetable and Mexican grain 
parentage, showed the highest crop growth rate, 19.6 g m ^ d ^. 
Selection for superior grain yield in this cultivar also has resulted in 
high LAI and high biomass accumulation. PI 482051 (a Zimbabwe 
vegetable type) accumulated twice as much root biomass as any other 
accession. 
Eight A. cruentus accessions were genetically variable for several 
traits. For example, significant differences occurred for four traits 
between improved vs. unimproved grains and among accessions of African 
vs. Mesoamerican origin. The Mexican and Guatemalan grains were dif­
ferent for only three traits. Little variation occurred for grain yield 
among all eight accessions. 
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Table Al. Blomass yield means (g plant"^) and specific combining 
ability effects (s^j in parentheses) for 16 Amaranthus 
cruentus L. crosses and accession heterosis effects (hj^ and 
hj) and accession effects (vji and Vj ) for each of their 
four male and female parents 
Male accessions 
Female 2041 433228 451711 477913 
accessions 93 74 70 93 Xp hj 
1959 80 83 80 105 87 —6.2 1.0 
67 (-9.1) (9.8) (-8.2) (7.5) 
1968 122 80 90 103 96 4.0 0.0 
66 (13.8*) (-2.3) (-7.2) (-4.2) 
1973 98 77 105 105 96 0.0 7.9* 
74 (-0.2) (-5.3) (7.2) (-1.7) 
2000 88 74 100 99 90 2.2 -8.9** 
57 (-4.6) (2.1) (8.2) (-1.6) 
94 78 94 103 
-3.4 -9.3 7.4 5.4 
•
H
 
<
>
 
10.7 -8.8 -12.4* 10.6 
^Male accession biomass mean is 83 g ,  C.V. = 4 % ,  LSD(0.05) = 13.3g. 
Female accession biomass mean is 66 g, C.V. = 3%, LSD(0.05) = 4.8 g. 
Cross mean for biomass is 92 g, C.V. = 5%, LSD(0.05) = 22.4 g. 
*/**Significant at the 5 %  and 1 %  levels, respectively, for acces­
sion,^accession heterosis and SCA effects tested by a two-tail t-test; 
S.E.(sij) = +/-5.88, S.E.(hi) = +/-4.81, S.E.(hj) = +/-4.81, S.E.(vj) = 
+/-5.08, S.E.(vj) = +/-2.58. 
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Table A2. Flowering date means (Julian date) for an Amaranthus cruentus 
L. factorial mating design of 16 crosses and their four male 
and female parents tested at one location in 1987 
Male accessions 
Female 
accessions 
2041 
206 
433228 
206 
451711 
197 
477913 
206 
1959 
207 
207 204 205 207 206 
1968 
208 
208 207 206 206 207 
1973 
208 
208 204 207 207 207 
2000 
201 
206 201 205 204 204 
M 
207 204 206 206 
^Male accession mean is 204, C.V. = 1%. Female accession mean is 
206, C.V. = 0.4%. Cross mean is 206,'C.V. = 0.4%. LSD(0.05) for com­
paring male accession means is 2. LSD(0.05) for comparing female 
accession means is 1. LSD(0.05) for comparing male parent means is 
0.7. LSD(0.05) for comparing female parent means is 0.7. LSD(0.05) 
for comparing cross means is 1.0. 
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Table A3. Analysis of variance for flowering date (Julian date) in a 
factorial mating of 16 Amaranthus cruentus L. crosses and 
their four male and female parents tested at one location 
in 1987 
Source of variation df SS MS F 
Replications 3 112.9 37.6 17.1** 
Entry groups (male parents, 
female parents and crosses) 2 62.6 31.3 14.2** 
Parents vs. crosses 1 9.1 9.9 4.4NS 
Males (grain types) vs. 
females (vegetable types) 1 52.8 52.8 23.6** 
Error (a) 6 13.4 2.2 
Among male parents 3 260.1 86.7 68.2** 
Guatemalan vs. 
Mexican origin 1 93.6 93.6 73.7** 
Among female parents 3 121.9 40.6 72.5** 
Ghanaian vs. Nigerian 
area origin 1 31.3 31.3 55.9** 
Among crosses 15 185.7 12.4 16.1** 
M 3 86.3 28.8 37.1** 
F 3 69.5 23.2 20.1** 
M X F 9 29.9 3.3 4.3** 
Error (b) 
Error among male parents 
Error among female parents 
Error among crosses 
63 
9 
9 
45 
11.5 
5.0 
34.9 
1.27 
0.56 
0.77 
^NS = not significant, P = 0.09. 
**Significant at the 0.05 and 0.01 probability levels, 
respectively. 
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Table A4. Analysis of variance with a modified Gardner-Eberhart Analysis 
II, accession heterosis model for a factorial mating of 
Amaranthus cruentus L. tested at one location in 1987 
Mean squares 
Source of variation' df Biomass 
Date of 
flowering 
Replications 
Entry groups (male parents, 
female parents and crosses) 
Parents vs. crosses 
Males (grain types) vs. 
females (vegetable types) 
Error (a) 
Among male parents 
Guatemalan vs. 
Mexican origin 
Among female parents 
Ghanaian vs. Nigerian 
area origin 
Among crosses 
M 
F 
M X F 
Heterosis 
Average 
Accession 
Male 
Female 
Specific 
Error (b) 
Error among male parents 
Error among female parents 
Error among crosses 
3 2.39* 3.76* 
2 4.64** 3.13* 
1 7.09** 0.99 
1 2.18* 5.28* 
6 0.30 0.22 
3 0.61* 8.67** 
1 1.80** 9.36** 
3 0.19* 4.06** 
1 0.03 3.13** 
15 0.60* 1.24** 
3 1.63** 2.88* 
3 0.37 2.32** 
9 0.33 0.33** 
16 0.75 
1 7.09** 
6 3 0.32 
3 0.49 
3 0.16 
9 0.33 
63 
9 0.14 0.13 
9 0.04 0.06 
45 0.25 0.08 
^Subplot error variances tested heterogeneous; chi-square = 6.61 
(P = 0.03). 
*,**Significant at the 0.05 and 0.01 probability levels, respec­
tively. 
Table A5. Analysis of variance for a 1986 four-by-four factorial mating including Amaranthus 
cruentus L. genotypes as female parents (FP) and Amaranthus spp. as male parents (MP) 
Mean squares 
Largest leaf 
Source of variation df BSD^ Biomass Height TLA^ Length Petiole Area 
cm g cm 2 cm cm cm 2 cm 
Replications 3 12.30 15.20 6.64 10.08 3.02 1.06 3.78 
Entry groups 2 86.81** 112.80** 114 .05** 71.32** 4.84 0.99 31.03** 
MP vs. FP 1 21.29 23.69 1.18 13.95 3.14 1.76 64.44** 
Parents vs. crosses 1 152.33** 201.90** 226.91** 128.70** 6.55 0.23 5.60 
Error (a) 6 6.75 9.26 5.22 5.63 3.06 1.27 2.69 
Among MP 3 9.79 10.83 22.64* 22.17* 10.67 8.42* 13.74 
HYP vs. CRD 1 24.42* 20.99* 67.72** 38.89* 19.14* 19.14** 39.53** 
Among FP 3 28.40 14.35 49.42** 19.19* 29.18* 17.93** 17.98 
Among crosses 15 32.23** 48.12** 35.37** 39.91** 14.73 9.67** 14.96** 
M (GCA) 3 97.17** 160.81** 108.04** 126.58** 5.65 13.42** 2.14 
F (GCA) 3 35.69** 47.02* 63.74** 49.45** 57.60 30.95** 63.31 
M X F (SCA) 9 9.44 10.92 2.02 7.84 3.47 1.32 3.13 
Error (b) 63 
Error among MP 9 3.67 4.07 3.36 5.16 3.65 1.38 5.54 
Error among FP 9 9.86 5.69 3.42 3.76 6.03 2.29 5.36 
Error among crosses 45 7.13 11.65 3.40 8.88 3.05 1.96 4.28 
^BSD is the basal stem diameter; TLA is total leaf area. 
*,**Significant at the 0.05 and O.Ol probability level, respectively. 
Table A6. Analysis of variance for a 1987 four-by-four factorial mating including Amaranthus 
cruentus L. (vegetable types) as female parents (FP) and A. cruentus L. (grain types) 
as male parents (MP) 
Mean squares 
Largest leaf 
Source of variation df BSD^ Biomass Height TLA^ Length Petiole Area 
cm g cm 2 cm cm cm 2 cm 
Replications 3 4.97 22.46* 107.19* 41.62* 13.85** 69.10** 73.34** 
Entry groups 2 41.72** 47.07** 573.73** 213.54** 32.64** 167.36** 1194.14** 
MP vs. FP 1 14.06* 21.84* 9.56 60.33* 13.56** 2.72 1810.67** 
Parents vs. crosses 1 69.38** 72.30** 1137.89** 366.74** 51.72** 332.01** 577.61** 
Error (a) 6 1.46 2.75 11.09 42.48** 0.62 2.46 2.67 
Among MP 3 12.23** 6.10* 175.46** 57.09* 3.51** 2.31 168.83** 
Guatemalan vs. 
Mexican grains 1 32.75** 18.04** 264.20** 143.67** 3.90** 3.03 0.03 
Among FP 3 2.08 1.90* 33.02* 15.74 1.21 6.56 18.27* 
Ghanaian vs. 
Nigerian area 1 0.49 0.04 0.10 1.50 0.89 0.56 2.82 
Among crosses 15 5.05** 6.15* 17.59 17.00* 1.68** 5.10 31.32** 
M (GCA) 3 19.44** 17.08** 41.19* 19.71+ 3.83** 9.20 78.07** 
F (GCA) 3 1.79 3.24 11.28 27.32 3.59** 2.83 64.71** 
M X F (SCA) 9 1.34 3.48 11.83 12.66 0.32 4.49 4.60 
Error (b) 63 
Error among MP 9 1.06 1.38 5.93 8.67 0.11 1.83 14.98 
Error among FP 9 0.68 0.36 7.77 4.30 0.32 4.05 4.46 
Error among crosses 45 1.63 2.55 10.78 7.52 0.58 4.97 10.53 
^BSD is the basal stem diameter; TLA is the total leaf area. 
+,*,**Significant at the 0.06, 0.05, and 0.01 probability level, respectively. 
Table A6. (Continued) 
Mean squares 
Source of variation df 
Grain 
yield 
Harvest 
index 
Inflorescence 
Width Height 
lOOO-seed 
weight 
g plant -1 cm cm 
Replications 
Entry groups 
MP vs. FP 
Parents vs. crosses 
Error (a) 
Among MP 
Guatemalan vs. 
Mexican grains 
Among FP 
Ghanaian vs. 
Nigerian area 
Among crosses 
M (GCA) 
F (GCA) 
M X F (SCA) 
Error (b) 
Error among MP 
Error among FP 
Error among crosses 
3 
2 
6 
3 
1 
1 
15 
63 
3 
3 
9 
9 
9 
45 
7.41 
120.00* 
39.17 
200.82** 
13.15 
1 . 2 2  
1.79 
4.61 
4.30 
14.40 
34.29* 
1.18 
12.18 
7.65 
5.80 
11.73 
7.21* 
0.43 
0 . 2 6  
0 .60  
1.11 
2.84 
8.10* 
2.30 
O.lO 
1.51** 
5.94** 
0.45 
0.39 
1.19 
0.65 
0.32 
73.06 
353.83* 
263.35 
444.30* 
47.08 
70.17** 
1.21 
17.91 
2.25 
29.94** 
45.62** 
24.64* 
23.16** 
4.71 
4.48 
7.30 
106.26** 
33.38 
2 . 8 8  
63.87* 
8.18 
30.18* 
17.85** 
2.30 
0.39 
17.88** 
62.00** 
4.96 
7.48 
5.00 
5.17 
5.02 
1.72 
102.40** 
174.79** 
30.00** 
1.11 
35.21** 
96.36** 
1.09* 
0 .20  
8.39** 
39.96** 
0.98 
0.98 
0.53 
0.25 
0.50 
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Table A7. Means for 1000-seed weight (g) in a 1987 factorial mating 
of A. cruentus L. 
Female 
accessions 
NCRPIS 2041 
0.63 
Male accessions 
PI 433228 PI 451711 PI 477914 
0.42 0.48 0.58 X. 
NCRPIS 1959 
0.39 
0.53 0.43 0.49 0.52 0.49 
NCRPIS 1968 
0.38 
0.54 0.43 0.49 0.50 0.49 
NCRPIS 1973 
0.39 
0.54 0.41 0.51 0.52 0.50 
NCRPIS 2000 
0.36 
0.53 0.41 0.49 0.50 0.48 
X_ 0.54 0.42 0.50 0.51 
^Male parent mean = 0.53 g, C.V. = 4.3%, LSD(0.05) = 0.04. 
Female parent mean = 0.38 g, C.V. = 4.2%, LSD(0.05) = 0.03. Cross mean = 
0.49 g, C.V. = 4.6%, LSD(0.05) = 0.03. 
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Table Bl. Means for a 1986 factorial mating of Amaranthus spp. with four grain types as male 
parents and four vegetable types as female parents 
Largest leaf 
Accession Height Diameter 
Dry 
weight Length 
Petiole 
length Area TLA 
Male (M) 
Ml (R158) 
M2 (NCRPIS 2192) 
M3 (PI 477914) 
M4 (PI 210995 
Mean 
C.V., % 
LSD(0.05) 
Female (F) 
F1 (NCRPIS 2003) 
F2 (NCRPIS 2015) 
F3 (PI 482049) 
F4 (NCRPIS 1985) 
Mean 
C.V., % 
LSD(0.05) 
Crosses^ (M,F) 
1,1 
1,2 
1.3 
1.4 
2,1 
2,2 
2.3 
2.4 
136 
178 
139 
180 
158 
11.6 
29.3 
178 
102 
165 
172 
154 
1 2 . 0  
29.6 
175 
143 
190 
177 
231 
179 
227 
218 
1.5 
1.6 
1.4 
1.8 
1.6 
12.0 
0.3 
1.7 
1.0 
1.5 
1.5 
1:4 
2 2 . 0  
0.5 
1.8 
1.5 
1.8 
1.6 
2.4 
1.8 
2 . 0  
2 . 0  
80 .6  
91.8 
56.6 
91.3 
80.1 
25.2 
32.3 
78.9 
35.4 
6 8 . 2  
69.0 
62.9 
37.9 
38.1 
85.9 
68.9 
111.2 
80.0  
184.5 
107.7 
148.1 
131.3 
21.0 
18.4 
18.8 
17.1 
18.8 
10.1 
3.0 
20.7 
14.4 
18.3 
19.4 
1 8 . 2  
13.5 
3.9 
19.4 
16.7 
21.4 
20.3 
20.7 
17.4 
19.8 
20 .8  
13.1 
10.0 
11.3 
10.0 
11.1 
10.6 
1.9 
12.7 
8 . 0  
12.0 
9.9 
10.6 
14.2 
2.4 
12.4 
9.9 
13.5 
12.4 
11.2 
8.5 
10.8 
10.4 
cm 
122 
92 
116 
84 
104 
22.7 
38 
96 
47 
80 
86 
77 
30.0 
37.0 
98 
69 
120 
98 
111 
72 
104 
111 
cm 
2225 
2904 
1146 
2439 
2179 
33.0 
1150 
2456 
8G4 
1829 
1955 
1761 
34.8 
982 
2661 
1839 
2807 
2274 
5115 
2582 
2554 
3876 
3,1 168 1.5 60.6 L
O CO H
 H
 
H
 
O
 
97 1081 
3,2 127 1.2 42.3 14.3 8.0 55 771 
3,3 178 1.7 89.1 19.8 12.6 114 2303 
3,4 173 1.7 86.9 20.5 11.6 115 2048 
4,1 205 1.9 113.6 20.1 11.0 102 3400 
4,2 190 1.7 94.6 16.7 8.5 67 2651 
4,3 225 1.9 121.4 18.6 10.4 96 3209 
4,4 212 1.9 110.7 20.4 10.3 99 2952 
Mean 189 1.8 102.2 19.1 10.8 95.6 2747 
C.V., % 9.8 15.1 33.4 9.2 13.0 21.7 34 
LSD(0.05) 26.2 0.4 48.6 2.5 2.0 29.4 1339 
^TLA is total leaf area. 
Crosses pertain to a given male and female accession, e.g., 1,1 is a cross of Ml (R158) 
and F1 (NCRPIS 2003). 
Table B2. Means for a 1987 factorial mating of Amaranthus cruentus 
testing four grain types as male parents and four vegetable 
types as female parents 
Inflorescence 
Accession Height Height Width Diameter Length 
cm 
Male 
Ml (NCRPIS 2041) 193 28 23 1.9 20 
M2 (PI 433228) 175 27 18 1.7 21 
M3 (PI 451711) 143 33 28 1.6 22 
M4 (PI 477913) 177 28 21 1.9 21 
Mean 171.8 28.9 22.6 1.7 20.9 
C.V., % 4.5 7.7 9.6 5.8 1.6 
LSD(0.05) 12.3 3.6 3.5 0.16 0.5 
Female 
PI (NCRPIS 1959) 172 28 17 1.6 19 
F2 (NCRPIS 1968) 165 29 16 1.7 20 
F3 (NCRPIS 1973) 179 31 18 1.7 20 
F4 (NCRPIS 2000) 158 26 17 1.5 19 
Mean 168 28.3 16.8 1.64 19.6 
C.V., % 5.2 8.0 12.6 5.0 2.9 
LSD(0.05) 14.1 3.6 3.4 0.13 0.9 
Crosses^ (M,F) 
1,1 190 31 27 1.8 21 
1,2 198 34 29 2.0 22 
1,3 204 32 26 1.9 22 
1,4 202 31 22 1.9 22 
2,1 187 28 22 1.9 22 
2,2 185 30 22 1.8 22 
2,3 190 27 20 1.7 22 
2,4 184 27 24 1.8 22 
3,1 198 31 22 1.8 22 
3,2 200 31 25 1.9 23 
3,3 196 32 26 1.9 23 
3,4 181 32 25 1.9 22 
4,1 192 32 27 2.0 21 
4,2 197 29 27 2.0 22 
4,3 195 30 25 2.0 22 
4,4 193 29 21 2.0 22 
Mean 193.1 30.4 24.3 1.89 21.8 
C.V., % 5.4 7.3 11.1 6.7 3.5 
LSD(0.05) 14.8 3.2 3.8 0.18 1.1 
^TLA is total leaf area; HI is grain harvest index. 
^Crosses pertain to a given male and female accession, e.g./ 1,1 is 
a cross of Ml (.NCRPIS 2041) and F1 (NCRPIS 1959). 
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Largest leaf 
Petiole 
length Area TLA 
Dry 
weight 
Grain 
yield HI 
cm cm cnr % 
12 
11 
11 
11 
11.3 
3.8 
0.7 
132 
114 
162 
143 
138 
8.9 
19.6 
2236 
1899 
1623 
2486 
2061 
14.3 
271 
93.2 
73.8 
70.1 
93 
82.5 
14.2 
18.8 
12.8 
13.9 
13.9 
13.8 
13.6 
20.3 
4.4 
13.9 
1 8 . 2  
19.3 
14.7 
16.5 
20.9 
5.5 
11 
11 
12 
11 
11. 
5.7 
1.0 
86 
98 
94 
84 
90.4 
7.4 
10.7 
1719 
1914 
1974 
1537 
1787 
11.6 
332 
67.1 
66.0 
73.9 
57.1 
6 6 . 0  
9.0 
9.5 
12.9 
10.9 
10.5 
11.2 
11.4 
21.1 
3.9 
18.4 
16.3 
14.7 
18.9 
17.1 
14.9 
4.1 
12 
13 
13 
12 
12 
12 
12 
12 
12 
12 
13 
13 
13 
12 
13 
13 
12.4 
5.7 
1.0 
124 
141 
139 
128 
115 
130 
117 
119 
123 
141 
139 
133 
131 
142 
135 
135 
130.7 
7.9 
14.6 
2094 
2583 
2526 
2086 
2289 
2258 
2208 
2012 
2203 
2467 
2502 
2388 
2424 
2210 
2782 
2384 
2338 
11.7 
390 
79.7 
112.2 
98.2 
87.6 
82.9 
80.4 
77.4 
74.5 
80.2 
90.4 
104.9 
99.6 
107.5 
102.9 
105.4 
99.3 
92.7 
17.2 
22.7 
12.5 
16.2 
13.5 
12.6 
15.9 
15.4 
15.9 
14.2 
14.5 
13.6 
17.5 
18.5 
17.8 
17.5 
16.3 
17.1 
15.6 
22.0 
4.9 
15.0 
14.0 
13.0 
14.3 
18 .3 
18.1 
19.7 
18.6 
17.4 
15.0 
16 .1 
1 8 . 2  
15.5 
16.3 
14.4 
15.6 
16.3 
11.0 
2.5 
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Table Cl. Analysis of variance for flowering date (Julian date) 
in a 1985 A. cruentus L. growth analysis experiment; plot 
means were taken on data from three m of border row; data 
were analyzed as a randomized complete block design 
Source of variation df SS MS 
Replications 
Accessions 
162.97 54.32 
7793.48 1113.35 
1.21 
26.93** 
Improved vs. unimproved 
accessions 3.21 3.21 0 . 0 8  
African vs. Mesoamerican 
origin 4294.31 4294.31 103.85** 
Mexican vs. Guatemalan 
origin 
Error 
Total 
21 
31 
1.19 
868.35 
1.19 
41.35 
0.03 
**Significant at the 0.01 level of probability. 
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Table C2. Means for flowering date (Julian date) in a 1985 
A. cruentus L. growth analysis experiment 
Accession Flowering date' 
PI 482051 
R158 
PI 482049 
RRC 1011 
PI 451710 
PI 433228 
PI 451826 
PI 451711 
246a 
211b 
206bc 
202bcd 
202 bed 
198cd 
198cd 
193d 
C.V. = 3.1%; LSD(0.05) = 9.1 days 
^Means with the same letter are not significantly different at the 
P = 0.05 level in Duncan's multiple range test. 
Table C3. Analysis of variance for eight amaranth accessions tested 
at one location in 1985 
Source of 
variation df 
Above-
ground 
WT 
Below-
ground 
WT 
Total 
WT 
Replications (R) 3 5.31 4.45* 8.32 
Accessions 7 5.35 52.41** 14.69** 
Improved vs. 
unimproved grains 1 24.42** 0.07 25.11* 
African vs. 
Mesoamerican origin 1 5.01 248.01** • 56.23** 
Mexican vs. 
Guatemalan grains 1 2.30 0.56 2.44 
Error (a) 21 3.27 1.21 4.21 
Harvests 4 1003.44** 174.73** 1274.68** 
Linear (L) ,1 4000.19** 559.72** 5081.04** 
Quadratic (Q) 1 2.97 25.07** 12.00 
Residual 2 5.33 7.06 2.83 
Accessions (A) 
X Harvests (H) 28 3.54* 10.88** 7.00** 
A X HL 7 6.00* 38.00** 17.42** 
A X Hq 7 4.29 1.63 5.04 
Residual 14 1.94 1.54 2.76 
Error (b) 96 2. 34 1.35 3.11 
A X R X H 84 1.99 1.18 2.67 
R X H 12 4.78 2.52 6.13 
Total 159 
^WT is dry weight* HT is plant height, and TLA is total leaf area, 
to Grain yield was tested over 4 harvests (3 df), with 21 df for the 
harvest X accession interaction and 72 df for the error (b) term. 
+,*,**Significant at the 0.07, 0.05 and 0.01 probability levels, 
respectively. 
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Mean squares^ 
Largest leaf 
Grain 
Height Length Area TLA yield 
2.31 
4.28** 
2.11 
2.81 
22.10** 
47.71** 
2.34 
33.98** 
142.91** 
7.87 
137.45** 
121.51** 
53.18** 
146.72** 
39.19+ 
0.33 41.48** 6 . 0 0  586.41** 420.06** 
6.02* 
1.01 
453.34** 
1609.44** 
200.27** 
1.83 
48.77** 
1.63 
122.33** 
357.21** 
129.30** 
1.42 
67.99** 
2.02 
49.88** 
143.82** 
50.58** 
2.56 
6.46 
6.77 
367.82** 
1060.48** 
401.02** 
4.89 
4.67 
9.01 
70.60** 
5.01** 
13.28** 
6.00** 
0.38* 
0.261 
0 . 2 0 2  
0.669 
1.87** 
3.71** 
1.71* 
1.04 
0.80 
0.71 
1.43 
1.17 
2 . 0 0 *  
1.00 
0.84 
0 . 8 0  
0.70 
1.50 
20.94** 
64.86** 
8.29** 
5.31* 
2.67 
2.48 
3.98 
12.33 
10.29 
Table C4. Analysis of variance for two amaranth accessions tested 
at one location in 1986 
Source of 
variation df 
Above-
ground 
WT 
Below-
ground 
WT 
Total 
WT 
Replications 
PI 451710 vs. R158 
Error (a) 
Harvests 
Linear (L) 
Quadratic (Q) 
Residual 
Accession (A) 
X Harvests (H) 
A X Hl 
A X Hq 
Error (b) 
Total 
3 
1 
3 
4 
1 
1 
2 
1 
2 
24 
39 
5.86 
0.003 
1.46 
32.64** 
129.46** 
0.17 
0.46 
2.77** 
3.42** 
1.08 
0.70 
9.28 
0.57 
2 . 0 8  
16.92** 
58.61**-
4.61 
2.23 
2.81 
7.85* 
0.65 
1.14 
7.43 
0.02 
1.82 
37 .22** 
147.46** 
0.05 
0.68 
3.30* 
4.54* 
1.22 
0.88 
^WT is the dry weight, HT is plant height, and TLA is total 
leaf area. 
^Grain yield was harvested twice so there was insufficient df for 
partitioning to test interactions. 
+,#,*,**Significant at the 0.07, 0.06, 0.05 and 0.01 probability 
levels, respectively. 
121 
Mean squares 
Largest leaf 
HT Length Area TLA 
Grain 
yield 
Stem 
diameter 
2.05 25.41* 31.52* 
3.91+ 11.92* 0.13 
0.55 1.14 3.21 
7.88** 4.84 4.67 
26.06** 13.87* 12.92* 
4.92** 0.03 0.39 
0.26 2.72 2.69 
0.09 0.94 2.21 
0.001 0.14 0.96 
0.28 1.60 4.42 
0.08 1.00 1.73 
0.12 2.40 2.70 
39.80 9.05 4.15 
141.65* 42.58 1.11 
8.28 8.83 0.93 
21.99* 89.95** 1.51** 
35.63* - 3.11** 
30.06 - 1.71* 
1].12 - 0.60 
19.43# 38.65* 0.19 
57.50** - 0.29 
6.68* - 0.17 
28.76 - 0.14 
7.26 5.23 0.27 
